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(57)  In afield emission-type electron source (10), a

strong field drift layer (6) and a surface electrode (7) con-

sisting of a gold thin film are provided on an n-type sili-

con substrate (1). An ohmic electrode (2) is provided on Fig. 1
the back surface of the n-type silicon substrate (1). A
direct current voltage is applied so that the surface elec-
trode (7) becomes positive in potential relevant to the
ohmic electrode (2). In this manner, electrons injected
from the ohmic electrode (2) into the strong field drift
layer (6) via the n-type silicon substrate (6) drift in the
strong field drift layer (6), and is emitted to the outside
via the surface electrode (7). The strong field drift layer
(6) has: a number of semiconductor nanocrystals (63)
of nano-meter order formed partly of a semiconductor
layer configuring the strong field drift layer (6); and a
number of insulating films (64) each of which is formed
on the surface of each of the semiconductor nanocrys-
tals (63) and each having film thickness to an extent
such that an electron tunneling phenomenon occurs.
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Description
TECHNICAL FIELD

[0001] The present invention relates to a field emis-
sion-type electron source which emits electron beams
by means of electric field emission using semiconductor
materials, and further to a manufacturing method there-
of. More particularly, the present invention relates to a
method and apparatus for forming insulating thin films
on surfaces of semiconductor crystals when the field
emission-type electron source is manufactured.

BACKGROUND OF THE INVENTION

[0002] Conventionally, as a field emission-type elec-
tron source (hereinafter, simply referred to as "electron
source"), for example, there is known a Spindt type elec-
trode disclosed in U.S. Patent No. 3,665,241 or the like.
The Spindt type electrode includes a substrate having
anumber of fine triangular pyramid shaped emitter chips
disposed thereon; and a gate layer which is insulated
relevant to the emitter chips and has emission holes for
exposing the tip ends of the emitter chips. The Spindt
type electrode emits electron beams through the emis-
sion holes from the tip ends of the emitter chips by ap-
plying a high voltage so that the emitter chips are neg-
ative in polarity relevant to the gate layer.

[0003] However, the Spindt type electrode is complex
in manufacturing process, and it is difficult to precisely
fabricate a number of triangular pyramid shaped emitter
chips. Thus, for example, in the case where this is ap-
plied to a planar light emitter or display, there is such a
problem that it is difficult to make its surface area larger .
In addition, in the Spindt type electrode, the electric field
concentrates on the tip ends of the emitter chips. Thus,
in the case where the degree of vacuum around the tip
ends of the emitter chips is low so that the residual gas
exists, the residual gas is ionized to positive ions by
means of the emitted electrons. The positive ions collide
to the tip ends of the emitter chips so that the tip ends
of the emitter chips are subjected to damage (for exam-
ple, damage due to ion shock). Thus, there occurs such
a disadvantage that the current density or emission ef-
ficiency of the emitted electrons becomes unstable, and
the service lives of the emitter chips are reduced. There-
fore, in order to prevent the above-mentioned disadvan-
tage, it is required to use the Spindt type electrode in a
high vacuum (about 10-5 Pa to about 10-6 Pa) condition.
As the result, there is a problem that higher cost or com-
plicated handling may result.

[0004] In order to improve the above-mentioned dis-
advantage, there is proposed an electron source of an
MIM (Metal Insulator Metal) type or MOS (Metal Oxide
Semiconductor) type. The former is a planar type elec-
tron source having a deposited structure of metal - in-
sulating film - metal, while the latter is a planar type elec-
tron source having a deposited structure of metal - oxide
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film - semiconductor. In an electron source of such type,
in order to improve the electron emission efficiency (that
is, in order to emit much electrons), it is required to re-
duce the thickness of an insulating film or oxide film.
However, if the thickness of the insulating film or oxide
film is too small, there is a danger that insulation de-
struction occurs when a voltage is applied between the
upper and lower electrodes of the deposited structures.
Such insulation destruction must be prevented, and
thus, there is a limitation in reduction of the thickness of
the insulating film or oxide film. Thus, there is a problem
that electron emission efficiency (lead-out efficiency)
cannot be increased so much.

[0005] In recent years, there is proposed an electron
source (semiconductor cool electron emission element)
with its high electron emission efficiency so as to apply
avoltage between a semiconductor substrate and a sur-
face electrode, thereby emitting electrons. In the elec-
tron source, one surface of a single-crystalline semicon-
ductor substrate such as silicon substrate is anodically
oxidized, thereby forming a porous semiconductor layer
(porous silicon layer). Then, on the porous semiconduc-
tor layer, a surface electrode consisting of a metal thin
film (electrically conductive thin film) is formed.

[0006] However, in the electron source disclosed in
Japanese Laid-open Patent Publication No. 8-250766,
a popping phenomenon is likely to occur during electron
emission, and non-uniformity is likely to occurin electron
emission quantity. Thus, if this is applied to a planar light
emitter or display device, there is a problem that non-
uniform light emission is produced.

[0007] In order to solve the above-mentioned prob-
lems, for example in Japanese Patent Applications No.
10-272340 and No. 10-272342 etc., the present inven-
tors proposed an electron source in which a strong field
drift layer (hereinafter simply referred to as "drift layer")
where electrons injected from the electrically conductive
substrate drift is interposed between the electrically con-
ductive substrate and the metal thin film (surface elec-
trode).

[0008] For example, as shown in Fig. 38, in an elec-
tron source 10' of such type, a drift layer 6 consisting of
an oxidized porous polycrystalline silicon layer (porous
polycrystalline silicon layer) on a main surface side of
an n-type silicon substrate 1 that is an electrically con-
ductive substrate. A surface electrode 7 consisting of a
metal thin film (for example, metal film) is formed on the
drift layer 6. In addition, an ohmic electrode 2 is formed
on the back face of an n-type silicon substrate 1. A lower
electrode 12 (electrically conductive substrate) is com-
posed of the n-type silicon substrate 1 and ohmic elec-
trode 2. In an example shown in Fig. 38, although a non-
doped polycrystalline silicon layer 3 is interposed be-
tween the lower electrode 12 and the drift layer 6, there
is proposed an electron source having the drift layer 6
formed on the lower electrode 12.

[0009] Then, a collector electrode 21 consisting of a
transparent electrically conductive film (for example,
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ITO film) is disposed in opposite to the surface electrode
7. In order to emit an electron from the electron source
10', while a vacuum is provided between the surface
electrode 7 and the collector electrode 21, a direct cur-
rent voltage Vps is applied between the surface elec-
trode 7 and the lower electrode 12 so that the surface
electrode 7 becomes high in potential relevant to the
lower electrode 12. In addition, a direct current voltage
Vcis applied between the collector electrode 21 and the
surface electrode 7 so that the collector electrode 21 be-
comes high in potential relevant to the surface electrode
7. When direct current voltages Vps and Vc are properly
set, electrons injected from the lower electrode 12 drift
in the drift layer 6, and are emitted via the surface elec-
trode 7 (the single dotted chain line in Fig. 38 indicates
the flow of electrons "e-" emitted through the surface
electrode 7). The thickness of the surface electrode 7 is
set to about 3 nm to 15 nm.

[0010] In the drift layer 6, after a non-doped polycrys-
talline silicon layer has been formed on the lower elec-
trode 12, the polycrystalline silicon layer is made porous
in accordance with anodic oxidization processing, there-
by forming a porous polycrystalline silicon layer. Thus
porous polycrystalline silicon layer is formed in accord-
ance with a rapid thermal oxidizing technique for carry-
ing out rapid thermal oxidization at 900°C, for example.
[0011] As shown in Fig. 39, the drift layer 6 includes:
at least columnar polycrystalline silicon grains 51; thin
insulating films 52; a number of silicon nanocrystals 63
of nano-meter order; and a number of insulating films
64. The grains 51 are arranged on the main surface side
of the n-type silicon substrate 1 (namely, the surface
electrode 7 side in the lower electrode 12). The insulat-
ing films 52 are formed on the surfaces of the grains 51.
The silicon nanocrystals 63 are interposed among the
grains 51. The insulating films 64 are formed on the sur-
faces of the silicon nanocrystals 63, each of which has
a film thickness smaller than the crystalline particle size
of the silicon nanocrystal 63. In short, in the drift layer
6, the surface of each grain 51 in the polycrystalline sil-
icon layer is made porous, and a crystalline state is
maintained at the center portion of each grain 51. Each
grain 51 extends in the thickness direction of the lower
electrode 12. Insulating films 52 and 64 are composed
of silicon oxide films.

[0012] In the electron source 10', it is believed that
electron emission occurs in the following model. That s,
during electron emission, a direct current voltage Vps
having the surface electrode 7 provided as a high po-
tential is applied between the surface electrode 7 and
the lower electrode 12, and a direct current voltage Vc
having the collector electrode 21 provided as a high po-
tential is applied between the collector electrode 21 and
the surface electrode 7. When the direct current voltage
Vps reaches a predetermined value (critical value), the
electrons "e-" are injected from the lower electrode into
the drift layer 6 due to thermal excitation. On the other
hand, a majority of the electron field applied to the drift
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layer 6 is applied to the insulating films 64. Thus, the
injected electrodes "e-" are accelerated by the strong
electric field applied to the insulating films 64. Then, the
electrons "e-" drift in the drift layer 6 in an orientation
indicated by the arrow Ain Fig. 39 from a region between
the grains 51 toward the surface, tunnel the surface
electrode 7, and are emitted into the vacuum.

[0013] In this manner, in the drift layer 6, the electrons
injected from the lower electrode 12 are accelerated and
drift in the electric field applied to the insulating films 64
without being hardly diffused at the silicon nanocrystals
63. Then, the electrons are emitted via the surface elec-
trode 7 (ballistic type electron emission phenomenon).
At this time, a heat generated in the drift layer 6 is radi-
ated via the grains 51. Thus, popping phenomenon does
not occur during electron emission, and the electrons
can be constantly emitted. The electrons arrived at the
surface of the drift layer 6 are believed to be hot elec-
trons. The electrons easily tunnel the surface electrode
7, and are emitted into the vacuum.

[0014] Inthe meantime, in the electron source 10', the
lower electrode 12 is composed of the n-type silicon
substrate 1 and ohmic electrode 2. However, as shown
in Fig. 40, for example, there is proposed an electron
source 10" in which the lower electrode 12 consisting of
a metal material is formed on one surface of an insulat-
ing substrate 11 consisting of a glass substrate. In Fig.
40, constituent elements common to the electron source
10' shown in Fig. 38 are designated by like reference
numbers. A description thereof is omitted here. In the
electron source 10" shown in Fig. 40 as well, electrons
can be emitted in a process similar to a case of the elec-
tron source 10' shown in Fig. 38.

[0015] Inthe electron sources 10'and 10", in general,
a current flowing between the surface electrode 7 and
the lower electrode 12 is referred to as a diode current
Ips, and a current flowing between the collector elec-
trode 21 and the surface electrode 7 is referred to as an
emission current (emission electron current) le. As a
rate (le / Ips) of the emission current le to the diode cur-
rent Ips increases, electron emission efficiency ((le / Ips)
x 100 [%]) increases. In the electron sources 10' and
10", even if the direct current voltage Vps applied be-
tween the surface electrode 7 and the lower electrode
12 is defined as a low voltage of about 10 V to 20 V,
electrons can be emitted. In addition, as the direct cur-
rent voltage Vps increases, the emission current le in-
creases.

[0016] In the meantime, in a process for manufactur-
ing the electron sources 10" and 10", the step of forming
the drift layer 6 consists of the film forming step, anodic
oxidization processing step, and oxidizing step. In the
film forming step, a non-doped polycrystalline silicon
layer is formed as a semiconductor layer on one surface
of the lower electrode 12. In the anodic oxidization
processing step, a polycrystalline silicon layer is made
porous in accordance with anodic oxidization process-
ing step, thereby forming a porous polycrystalline silicon
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layer that contains the polycrystalline silicon grains 51
and silicon nanocrystals 63. In the anodic oxidization
processing step, there is employed a mixture solution
obtained by mixing a hydrogen fluoride water solution
and ethanol at substantially 1 : 1 as an electrolytic solu-
tion employed for anodic oxidization. In the oxidizing
step, the porous polycrystalline silicon layer is rapidly
thermally oxidized in accordance with the rapid thermal
oxidization technique that is a high temperature proc-
ess, and thin insulating films (silicon oxide films) 52 and
64 are formed respectively on the surfaces of the grains
51 and silicon nanocrystals 63.

[0017] Inaddition, as shownin Fig. 41, in the oxidizing
step, a substrate temperature is risen from room tem-
perature to a heat treatment temperature (for example,
900°C) in dry oxygen by employing a lamp annealing
device, for example. Then, the substrate temperature is
held at this heat treatment temperature by a predeter-
mined heat treatment time (for example, 1 hour), there-
by oxidizing the porous polycrystalline silicon layer.
Then, the substrate temperature is lowered to room tem-
perature.

[0018] There is proposed an electron source formed
of a nitride porous polycrystalline silicon layer instead
of an oxidized porous polycrystalline silicon layer. Fur-
ther, there is proposed an electron source formed of the
oxidized or nitrided porous single-crystalline silicon lay-
er as well.

[0019] In a conventional electron source comprising
such a drift layer, it is possible to increase an area and
to ensure cost reduction. In the case where an electron
source of such type is applied as an electron source of
a display, the surface electrode or lower electrode (elec-
trically conductive substrate) may be properly pat-
terned. However, in such a conventional electron
source, the following problems occur.

(Problem 1)

[0020] In the conventional electron source of such
type, there is a problem that there increases a deviation
in characteristics such as electron emission efficiency,
dielectric strength, service life between manufactured
lots. As a result of detailed study of such cause, it has
been found that this deviation is caused by a deviation
in thickness of the silicon oxide film that is an insulating
film.

(Problem 2)

[0021] Ashasbeen described previously, a rapid ther-
mal oxidization technique is employed in the oxidizing
step. However, in order to form the silicon oxide films 52
and 64 with their good film quality on the surface of all
the grains 51 and silicon nanocrystals 63, there can be
employed the oxidizing step for oxidizing a porous poly-
crystalline silicon layer in an electrolytic solution consist-
ing of water solution such as sulfuric acid or nitric acid
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in accordance with an electrochemical oxidization tech-
nique.

[0022] By employing the electrochemical oxidization
technique, a process temperature can be reduced as
compared with the case of employing the rapid thermal
oxidization technique. Thus, a resistance on a substrate
material is reduced. In the case of employing a glass
substrate, a non-alkali glass substrate or low alkali glass
substrate and the like with its low heat resistance tem-
perature and modest price can be employed as com-
pared with a quartz glass substrate. Therefore, there is
an advantage that a larger area for the electron sources
10" and 10" and cost reduction can be achieved more
efficiently.

[0023] However, in the conventional electron source
manufactured by oxidizing the porous polycrystalline sil-
icon layer in accordance with an electrochemical oxidi-
zation technique, there is a problem that the dielectric
strength is low as compared with the electron source
oxidized and manufactured in accordance with the rapid
thermal oxidization technique. This is because an SiO,
film formed in accordance with the electrochemical ox-
idization technique is much in water content or strain as
compared with that formed in accordance with the rapid
thermal oxidization technique. In the electron sources
10" and 10" manufactured by oxidizing the porous poly-
crystalline silicon layer in accordance with the rapid ther-
mal oxidization technique as well, it is desired that the
electron emission efficiency, dielectric strength, and
service life be improved more remarkably. However, as
the result of a variety of analytical evaluations (such as
photo luminescence measurement, sectional TEM ob-
servation, or XPS composition analysis, forexample) re-
garding the drift layer 6, the following findings were ob-
tained. That s, the film thickness of the silicon oxide film
64 increases as the film is closer to the surface of the
drift layer 6, the silicon nanocrystal 63 is destroyed, and
the silicon nanocrystal 63 does not exist in the vicinity
of the surface of the drift layer 6. Thus, in the conven-
tional electron sources 10" and 10", there is a danger
that a part of the electrons injected into the drift layer 6
are diffused or captured by the silicon oxide fiim 64
which is larger than the film thickness (degree of mean
free path of electrons) to an extent such that an electron
tunneling phenomenon occurs. In this case, there is a
danger that the electron emission efficiency is lowered,
and the dielectric strength and service life is reduced.

(Problem 3)

[0024] In anodic oxidization processing, a mixture so-
lution between hydrogen fluoride water solution and eth-
anol is utilized as an electrolytic solution. Thus, as
shown in Fig. 42, the porous polycrystalline silicon layer
formed in accordance with anodic oxidization process-
ing is terminated by a hydrogen atom on its top surface.
Further, it is believed that water is adsorbed on the sur-
face of the porous polycrystalline silicon layer.
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[0025] |If the porous polycrystalline silicon layer
formed in accordance with anodic oxidization process-
ing is oxidized on a temperature profile as shown in Fig.
41, a hydrogen atom remains or Si-OH coupling occurs,
as shown in Fig. 43. Thus, there is a problem that an
oxide film with its fine structure consisting of SiO, is
hardly produced, and the dielectric strength is lowered.
Further, there is a problem that a fluorine atom as well
remains in the drift layer 6 other than the hydrogen atom.
In addition, the content of hydrogen in the drift 6 is com-
paratively large in quantity. Thus, there is a danger that
the distribution of hydrogen in the drift layer 6 changes
with an elapse of time (for example, a hydrogen atom
desorbs from the surface of the drift layer 6), and the
stability of electron emission efficiency with an elapse
of time is impaired.

(Problem 4)

[0026] When a comparatively inexpensive glass sub-
strate (such as no-alkali glass substrate, a low alkali
glass substrate, or soda lime glass substrate, for exam-
ple) is employed as an insulating substrate 11 in the
electron source 10", as compared with a quartz glass
substrate, although a heat resistance temperature of the
insulating substrate 11 is lowered, cost reduction can be
achieved. Because of this, it is believed that the temper-
ature of forming the porous silicon layer is lowered (for
example, set to 600°C or less).

[0027] However, in the case of forming the polycrys-
talline silicon layer at a comparatively low temperature,
the crystalline properties of the polycrystalline silicon
layer is impaired as compared with the polycrystalline
silicon layer formed at a comparatively high tempera-
ture, and a large number of defects occurs. As a result,
there is a problem that a number of defects contained
in the drift layer 6 increases, the electron emission char-
acteristics are impaired, and the reliability is lowered.
For example, if a defect exists in the silicon oxide films
52 and 64 each in the drift layer 6, the dielectric strength
of the silicon oxide films 52 and 64 each is lowered, and
the dielectric strength of the electron source is lowered.
Alternatively, the electron emission efficiency is lowered
because of electron diffusion.

(Problem 5)

[0028] In the conventional electron sources 10" and
10", in the case where these sources are continuously
driven for a long time, there is problem that the diode
current Ips decreases with an elapse of time, and con-
currently, the emission current Ic decreases as well. As
a cause thereof, it is believed that an electron is cap-
tured by a trap in an insulating film 64, an electric field
in the insulating film 64 is alleviated, and the tunneling
probability of electrons is lowered.

[0029] Further, in the above-described manufacturing
method, there is employed a process requiring a com-
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paratively high heat treatment temperature (for exam-
ple, 900°C) and a comparatively long heat treatment
time (for example, 1 hour) in the oxidizing step. Thus,
there is a problem that the process time is extended.
Further, there is a problem that a non-alkali glass sub-
strate or low alkali glass substrate with its low heat re-
sistance temperature, which is comparatively inexpen-
sive as compared with a quartz glass substrate, can not
be employed as an insulating substrate 11.

(Problem 6)

[0030] In the conventional electron sources 10' and
10", although an electron can be emitted constantly with
high efficiency, it is desired to more remarkably improve
the electron emission characteristics such as electron
emission efficiency or the reliability such as dielectric
strength. However, in the electron sources 10' and 10",
it is believed that there exists a defect caused by a man-
ufacturing process in the drift layer 6. For example, in
the case where a defect exists in the silicon nanocrystal
63 or silicon oxide films 52 and 64 and the like, there is
a problem that the lowering of electron emission efficien-
cy due to electron diffusion or the lowering dielectric
strength and the like is caused.

DISCLOSURE OF THE INVENTION

[0031] The present invention has been achieved to
solve the above-mentioned problems. It is an object of
the present invention to provide an electron source and
a manufacturing method thereof with high efficiency and
high reliability that can be employed for a flat panel dis-
play element, a planar light source, or a solid vacuum
device and the like, and that can emit electron beams
in accordance with preferable electric field emission.
[0032] It is another object of the present invention to
provide an electron source and a manufacturing method
thereof making it easy to design the dielectric strength
and the service life.

[0033] Itis a still another object of the present inven-
tion to provide a method and apparatus for forming in-
sulation thin films capable of forming insulation thin films
with high dielectric strength as compared with the prior
art, or alternatively, to provide an electron source capa-
ble of extending the service life as compared with the
prior art.

[0034] Itis a still another object of the present inven-
tion to provide a method of manufacturing the electron
source capable of achieving cost reduction and capable
of improving the electron emission characteristics and
reliability such as electron emission efficiency.

[0035] The electron source (field emission-type elec-
tron source) according to the presentinventionincludes:
an electrically conductive substrate; a drift layer (strong
field drift layer) formed on the electrically conductive
substrate; and a surface electrode formed on the drift
layer. The drift layer has a number of semiconductor na-
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nocrystals of nano-meter order formed partly of a sem-
iconductor layer configuring the drift layer, and has a
number of insulating films each of which is formed on
the surface of each of the semiconductor nanocrystals,
the films having film thickness smaller than the crystal-
line particle size of the semiconductor nanocrystals. The
insulating film formed on the surface of each of the sem-
iconductor nanocrystal has film thickness (degree of
mean free path of electrons) in which an electron tun-
neling phenomenon occurs when an electron field is ap-
plied. In this manner, a voltage is applied between the
surface electrode and the electrically conductive sub-
strate so that the surface electrode becomes high in po-
tential, whereby the electrons injected from the electri-
cally conductive substrate into the drift layer drift in the
drift layer, and are emitted via the surface electrode.
[0036] In this electron source, it is possible to reduce
diffusion of the electrons in each insulating film, and to
reduce the difference of thickness of the insulating films
in the drift layer. Thus, it is easy to design dielectric
strength and lifetime in electron source.

[0037] In this electron source, it is preferable that the
water contained in the insulating film formed on the sur-
face of each of the semiconductor nanocrystals is sub-
stantially O (substantially free of water). In this case, a
defect or strain and the like that adversely affects elec-
trical characteristics of the electron source is alleviated,
and thus, insulating films with high dielectric strength
and extended service life can be formed.

[0038] In this electron source, it is preferable that a
compound layer or alloy layer consisting of a semicon-
ductor and metal is interposed on a critical surface be-
tween the semiconductor layer configuring the drift layer
and the electrically conductive substrate. In addition, it
is preferable that the semiconductor layer is substantial-
ly crystallized on the critical surface between the semi-
conductor layer configuring the drift layer and the elec-
trically conductive substrate. In those cases, a barrier
layer or high resistance layer between the semiconduc-
tor layer and electrically conductive substrate can be re-
duced, and thus, the electron emission efficiency and
reliability are improved.

[0039] A method of manufacturing an electron source
according to the present invention is a process for man-
ufacturing the above electron source according to the
present invention. This electron source manufacturing
method to form the insulating films on the surfaces of
the semiconductor nanocrystals is carried out by any
one of the electrochemical method, rapid thermal oxidi-
zation technique, rapid thermal nitriding technique, and
rapid thermal oxidizing and nitriding technique or a com-
bination thereof. By employing this manufacturing meth-
od, the film thickness of the insulating films can be ob-
tained as thickness (degree of mean free path of elec-
trons) if the electron tunneling phenomenon occurs.
[0040] In the method of manufacturing the electron
source, after the insulating films have been formed on
the surfaces of the semiconductor nanocrystals, it is
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preferable that annealing processing at a temperature
of 700°C or less be carried out in a vacuum, inert gas,
foaming gas, or nitrogen gas. In this case, the water con-
tained in the insulating film formed on the surface of
each of the semiconductor nanocrystals can be set to
substantially 0. Further, a barrier layer or high resistance
layer between the semiconductor layer and the electri-
cally conductive substrate can be reduced, and thus, the
electron emission efficiency and reliability are improved.
[0041] In the method of manufacturing this electron
source, after the insulating films have been formed on
the surfaces of the semiconductor nanocrystals, it is
preferable that a heat treatment be carried out in accord-
ance with a rapid heating technique at a temperature of
600°C in atmosphere containing oxide species or nitride
species. In this case, a defect or strain and the like,
which adversely affect electrical characteristics of the
electron source can be alleviated, and insulating films
with high dielectric strength and extended service life
can be formed. Further, a barrier layer or high resistance
layer between the semiconductor layer and the electri-
cally conductive substrate can be reduced, and thus, the
electron emission efficiency and reliability are improved.
[0042] In this electron source manufacturing method,
after the semiconductor nanocrystals have been
formed, itis preferable that annealing processing be car-
ried out in a vacuum or inert gas. In this case, a defect
caused by impurities such as hydrogen or fluorine con-
tained in a drift layer can be reduced as compared with
a case of oxidizing a porous semiconductor layer while
water or the like is adsorbed on the porous semiconduc-
tor layer immediately after anodic oxidization process-
ing. In this manner, a fine oxide film can be formed, and
there can be obtained an electron source with its small
change of electron emission efficiency with an elapse of
time, high dielectric strength, and high reliability. Fur-
ther, a barrier layer or high resistance layer between the
semiconductor layer and the electrically conductive sub-
strate can be reduced, and thus, the electron emission
efficiency and reliability are improved.

[0043] In this electron source manufacturing method,
after the semiconductor layer has been formed on the
electrically conductive substrate, it is preferable that an-
nealing processing be carried out in a vacuum or inert
gas. In this case, a compound layer or alloy layer con-
sisting of a semiconductor and a metal can be inter-
posed on a critical surface between the semiconductor
layer and the electrically conductive substrate. Alterna-
tively, the semiconductor layer can be almost crystal-
lized on a critical surface between the semiconductor
layer and the electrically conductive substrate. In this
manner, a barrier layer or high resistance layer between
the semiconductor layer and the electrically conductive
substrate can be reduced, and thus, the electron emis-
sion efficiency and reliability can be improved.

[0044] In this electron source manufacturing method,
after the insulating films have been formed on the sur-
faces of the semiconductor nanocrystals, there may be
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carried out one or plural times at least two steps of (a)
the above step of carrying out the annealing processing
at the temperature of 700°C or less in a vacuum, inert
gas, foaming gas, or nitride gas; (b) the above step of
carrying out the heat treatment in accordance with the
rapid heating technique at the temperature of 600°C or
more in atmosphere containing oxide species or nitride
species; and (c) the above step of carrying out the an-
nealing processing in accordance with the rapid heating
technique at the temperature of 600°C or more in the
inert gas atmosphere, respectively (for example, (a)—
(b), (a)—(c), (@)—(b)—(b), (a)—=(b)—(c), (a)— (c)—(b)
or the like).

[0045] In this electron source manufacturing method,
it is preferable to carry out the annealing processing in
hydrogen, hydrogen radical emission processing or hy-
drogen radical emission annealing processing at least
at one period after forming the semiconductor layers,
after forming the semiconductor nanocrystals, and after
forming the insulating films on the surfaces of the sem-
iconductor nanocrystals. In this case, hydrogen radicals
are emitted to the top surface on one surface side of the
electrically conductive substrate, and thus, a defect ex-
isting in the drift layer can be made passive or reduced,
and the electron emission characteristics and reliability
of the electron source can be improved. Further, the bar-
rier or high resistance layer between the semiconductor
layer and the electrically conductive substrate can be
reduced, and thus, the electron emission efficiency and
reliability are improved.

BRIEF DESCRIPTION OF THE DRAWINGS

[0046] The present invention will be fully understood
by the following detailed description and accompanying
drawings. In the accompanying drawings, common con-
stituent elements are designated by like reference nu-
merals.

Fig. 1 is a schematic cross section showing essen-
tial portions of an electron source according to Em-
bodiment 1 of the present invention.

Fig. 2 is a view showing an operation of the electron
source shown in Fig. 1.

Fig. 3A to Fig. 3D are schematic cross sections
each showing the electron source shown in Fig. 1
or an intermediate body in the middle of the manu-
facture, and show a method of manufacturing the
electron source.

Fig. 4 is a light emission spectrum using the photo-
luminescence intensity of the electron source
shown in Fig. 1 and Comparative Examples, and
shows characteristics of the photoluminescence
measurement relevant to the wavelength.

Fig. 5 is a graph showing a direction in the depth
direction of constituent elements using the X-ray
photo-electronic spectroscopy of the electron
source shown in Fig. 1 and Comparative Examples,
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and shows characteristics of the atom concentra-
tion relevant to the depth.

Fig. 6A and Fig. 6B are views each showing an elec-
tron emission principle of the electron source shown
in Fig. 1.

Fig. 7A and Fig. 7B are views each showing an elec-
tron emission principle of an electron source ac-
cording to Comparative Examples.

Fig. 8A and Fig. 8B are views each showing an ox-
idization process in the electron source shown in
Fig. 1 and that according to Comparative Examples.
Fig. 9 is a graph showing a change with an elapse
of time, of electron emission efficiency in the elec-
tron source shown in Fig. 1 and that according to
Comparative Examples.

Fig. 10 is a view showing electron emission charac-
teristics of the electron source shown in Fig. 1 and
that according to Comparative Example.

Fig. 11 is a view showing an operation of an electron
source according to Embodiment 2 of the present
invention.

Fig. 12A to Fig. 12D are schematic sectional views
each showing an electron source shown in Fig. 11
or an intermediate body in the middle of the manu-
facture, and show a method of manufacturing the
electron source.

Fig. 13 is a schematic cross section showing an
electron source according to Embodiment 3 of the
present invention.

Fig. 14 is a view showing an operation of an electron
source shown in Fig. 13.

Fig. 15A to Fig. 15D are schematic cross sections
each showing the electron source shown in Fig. 13
or an intermediate body in the middle of its manu-
facture, and show a method of manufacturing the
electron source.

Fig. 16 is a view showing a technique of forming
insulation thin films in the electron source according
to Embodiment 3 of the present invention, and
shows a change with an elapse of time, of a heat
treatment temperature.

Fig. 17 is a schematic configuration of a heat treat-
ment device employed for forming the insulation
thin film shown in Fig. 13.

Fig. 18 is a graph showing a measurement result of
temperature rise desorbing gas mass spectroscop-
ic analysis, and shows change characteristics of an
ionic current relevant to a heating temperature.
Fig. 19A to Fig. 19G are schematic sectional views
each showing an electron source according to Em-
bodiment 4 of the present invention or an interme-
diate body in the middle of the manufacture, and
show a method of manufacturing the electron
source.

Fig. 20 is a view showing a termination aspect of a
top surface of a porous polycrystalline silicon layer
after the annealing processing.

Fig. 21A to Fig. 21F are schematic cross sections
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each showing an electron source according to Em-
bodiment 5 of the present invention or an interme-
diate body in the middle of its manufacture, and
show a method of manufacturing the electron
source.

Fig. 22A to Fig. 22C are graphs depicting change
characteristics of a current density of an electron
source relevant to the direct current voltage Vps
when the annealing processing is not carried out,
when the annealing processing is carried out at
500°C, and when the annealing processing is car-
ried out at 550°C, respectively.

Fig. 23 is a schematic cross section showing an
electron source according to Embodiment 6 of the
present invention.

Fig. 24 is a view showing an operation of the elec-
tron source shown in Fig. 23.

Fig. 25A to Fig. 25D are schematic cross sections
each showing the electron source according to Em-
bodiment 6 of the present invention or an interme-
diate body in the manufacture, and show a method
of manufacturing the electron source.

Fig. 26 is a graph depicting change characteristics
of the current density relevant to the direct current
voltage Vps in the electron source shown in Fig. 23.
Fig. 27 is a graph depicting change characteristics
of the current density relevant to a time in the elec-
tron source shown in Fig. 23.

Fig. 28 is a graph depicting change characteristics
of the current density relevant to the direct current
voltage Vps in an electron source according Com-
parative Example.

Fig. 29 is a graph depicting change characteristics
of the current density relevant to a time in an elec-
tron source according to Comparative Example
identical to the case of Fig. 28.

Fig. 30 is a graph depicting change characteristics
of the current density relevant to the direct current
voltage Vps in an electron source according anoth-
er Comparative Example.

Fig. 31 is a graph depicting change characteristics
of the current density relevant to a time in an elec-
tron source according to Comparative Example
identical to the case of Fig. 30.

Fig. 32 is a graph depicting change characteristics
of the current density relevant to the direct current
voltage Vps in an electron source according to Em-
bodiment 7 of the present invention.

Fig. 33 is a graph depicting change characteristics
of the current density relevant to a time in the elec-
tron source according to Embodiment 7 of the
present invention.

Fig. 34 is a graph depicting change characteristics
of the current density relevant to the direct current
voltage Vps in an electron source according to Em-
bodiment 10 of the present invention.

Fig. 35 is a graph depicting change characteristics
of the current density relevant to a time in the elec-
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tron source according to Embodiment 10 of the
present invention.

Fig. 36A to Fig. 36F are schematic cross sections
each showing an electron source according to Em-
bodiment 13 of the present invention or an interme-
diate body in the middle of the manufacture, and
show a method of manufacturing the electron
source.

Fig. 37 is a view showing a processing technique in
a hydrogen radical emission step in a method of
manufacturing the electron source according to
Embodiment 13 of the present invention.

Fig. 38 is a view showing an operation of a conven-
tional electron source.

Fig. 39 is a schematic cross section showing the
conventional electron source.

Fig. 40 is a view showing an operation of another
conventional electron source.

Fig. 41 is a graph depicting a change with an elapse
of time, of a heat treatment temperature in a rapid
heating technique.

Fig. 42 is a view showing a termination aspect of a
top surface of a porous polycrystalline silicon layer
after the anodic oxidization processing.

Fig. 43 is a view showing a termination aspect of
the top surface of the porous polycrystalline silicon
layer after the rapid heating processing.

DESCRIPTIONS OF THE PREFERRED
EMBODIMENTS

[0047] The present application is based on Japanese
Patent Application No. 2001-125156, Japanese Patent
Application No. 2001-125157, Japanese Patent Appli-
cation No. 2001-159625, and Japanese Patent Applica-
tion No. 2001-329908, the contents of which are fully
incorporated therein.

[0048] Hereinafter some embodiments of the present
invention will be specifically described. Elements com-
mon to the embodiments, that is, elements whose con-
figuration and function are substantially identical to each
other, are designated by common reference numerals.
A duplicate description thereof is principally omitted
here.

(Embodiment 1)

[0049] Hereinafter, Embodiment 1 of the present in-
vention will be described. In Embodiment 1, as an elec-
trically conductive substrate (lower electrode), there is
employed a single-crystalline n-type silicon substrate
whose resistivity is comparatively close to a resistivity
of a conductor (for example, a (100) substrate whose
resistivity is 0.01 Q cm to 0.02 Q cm).

[0050] As shown in Fig. 2, in an electron source 10
(field emission-type electron source) according to Em-
bodiment 1, a drift layer 6 (strong field drift layer) con-
sisting of an oxidized porous polycrystalline silicon layer
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is formed on a main surface side of an n-type silicon
substrate 1 that is an electrically conductive substrate.
A surface electrode 7 is formed on the drift layer 6. An
ohmic electrode 2 is formed on the back surface of the
n-type silicon substrate 1. In Embodiment 1, the n-type
silicon substrate 1 configures an electrically conductive
substrate.

[0051] A material with its small work function is em-
ployed for a material for the surface electrode 7. The
thickness of the surface electrode 7 is set to 10 nm.
However, the thickness thereof is not limited to this val-
ue, and may be thickness such that an electron passing
through the drift layer 6 can be tunneled. The thickness
of the surface electrode 7 may be set to about 3 nm to
15 nm.

[0052] The surface electrode 7 is composed of a first
thin film layer consisting of a metal film formed on the
drift layer 6 and a second thin film layer consisting of a
metal film deposited on the first thin film layer. As a ma-
terial for the first thin film later on the drift layer 6, for
example, there may be employed a material having in-
timacy with the drift layer 6, the material being capable
of preventing diffusion between the second thin film lay-
er and the drift layer 6 such as chrome, nickel, platinum,
titanium, iridium. As a material for the second thin film
layer, there may be employed gold with its low resist-
ance and high stability with an elapse of time. In Em-
bodiment 1, chrome (Cr) is employed as a material for
the first thin film layer. The film thickness of the first thin
film layer is set to 2 nm. As a material for the second
thin film layer, gold (Au) is employed. The film thickness
of the second thin film layer is set to 8 nm. In Embodi-
ment 1, although the surface electrode 7 is composed
of a two-layered metal film, this electrode may be com-
posed of one or three or more layered metal film instead
of this film.

[0053] Inthe electron source 10, the surface electrode
7 is disposed in a vacuum, and a collector electrode 21
is disposed in opposite to the surface electrode 7. Then,
adirect current voltage Vps is applied so that the surface
electrode 7 becomes positive in polarity relevant to the
n-type silicon substrate 1 (ohmic electrode 2), and a di-
rect current voltage Vvc is applied so that the collector
electrode 21 becomes positive in polarity relevant to the
surface electrode 7. In this manner, electrons injected
from the n-type silicon substrate 1 drift in the drift layer
6, and are emitted via the surface electrode 7 (the single
dotted chain line in Fig. 2 indicates the flow of electrons
"e-" emitted through the surface electrode 7). As a ratio
of the emission current (emission electron current) le
flowing between the collector electrode 21 and the sur-
face electrode 7 to the diode current Ips flowing between
the surface electrode 7 and the n-type silicon substrate
1 (ohmic electrode 2) is greater, the electron emission
efficiency increases.

[0054] As shown in Fig. 1, the drift layer 6 according
to Embodiment 1 is composed of: at least, columnar
polycrystalline silicon grains 51; thin silicon oxide films
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52 formed on the surfaces of the grains 51; a number of
silicon nanocrystals 63 of nano-meter order interposed
between the grains 51; and a number of silicon oxide
films 64 formed on the surfaces of the silicon nanocrys-
tals 63, each of which is an insulating film with film thick-
ness that is smaller than the crystalline particle size of
the silicon nanocrystal 63. In short, the surface of each
grain 51 is made porous in the drift layer 6, and the crys-
talline state is maintained at the center portion of each
grain. It is desirable that the thickness of the silicon ox-
ide film 64 formed on the surface of the silicon nanoc-
rystal 63 is set at the film thickness to an extent such
that an electron tunneling phenomenon occurs (degree
of mean free path of electrons: the degree of mean free
path of electrons in SiO, is about 3 nm), for example,
about 1 nm to 3 nm.

[0055] In the electron source 10 according to Embod-
iment 1, it is believed that electron emission occurs in
the following model. That is, the surface electrode 7 is
disposed in a vacuum. Then, between the surface elec-
trode 7 and the n-type silicon substrate 1 (ohmic elec-
trode 2), with the surface electrode 7 being positive in
polarity, the direct current voltage Vc is applied. In ad-
dition, at the same time, between the collector electrode
21 and the surface electrode 7, with the collector elec-
trode 21 being positive in polarity, the direct current volt-
age Vps is applied. When the direct current voltage Vps
reaches a predetermined value (critical value), elec-
trons "e-" are injected due to thermal excitation from the
n-type silicon substrate 1 serving as an electrically con-
ductive substrate to the drift layer 6. On the other hand,
a majority of the electron field applied to the drift layer
6 is applied to the silicon oxide films 64. Thus, the in-
jected electrons "e-" are accelerated by the strong elec-
tric field applied to the silicon oxide film 64. Then, the
electrons drift in a region between the grains 51 in the
drift layer 6 toward the surface in an orientation indicated
by the arrow A in Fig. 1, tunnel the surface electrode 7,
and are emitted into the vacuum. In this manner, in the
driftlayer 6, the electrons injected from the n-type silicon
substrate 1 are accelerated and drift in the strong elec-
tric field applied to the silicon oxide film 64 without being
diffusing in the silicon nanocrystal 63, and are emitted
via the surface electrode 7 (ballistic type electron emis-
sion phenomenon). A heat generated in the drift layer 6
is emitted via the grains 51. Thus, a popping phenome-
non does not occur during electron emission, and elec-
trons can be constantly emitted. The electrons arrived
at the surface of the drift layer 6 are believed as hot elec-
trons, easily tunnel the surface electrode 7, and are
emitted in the vacuum.

[0056] Hereinafter, a method of manufacturing the
electron source 10 according to Embodiment 1 will be
described with reference to Fig. 3A to Fig. 3D.

[0057] First, after an ohmic electrode 2 has been
formed on the back surface of an n-type silicon substrate
1, a non-doped polycrystalline silicon layer 3 is formed
as a semiconductor layer on a main surface of the n-
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type silicon substrate 1, and a structure shown in Fig.
3Ais obtained. As a method of film forming the polycrys-
talline silicon layer 3, for example, there may be em-
ployed a CVD technique (such as LPCVD technique,
plasma CVD technique, or catalytic CVD technique, for
example), a sputtering technique, ora CGS (Continuous
Grain Silicon) technique and the like.

[0058] After the non-doped polycrystalline silicon lay-
er 3 has been formed, the polycrystalline silicon layer 3
is made porous in accordance with the anodic oxidiza-
tion processing step, whereby a porous polycrystalline
silicon layer 4 that is a porous semiconductor layer is
formed, and a structure shown in Fig. 3B is obtained. In
the anodic oxidization processing step, there is em-
ployed an anodic oxidization processing vessel that
contains an electrolytic solution consisting of a mixture
solution obtained by mixing 55 wt.% of hydrogen fluoride
water solution and ethanol at substantially 1 : 1. Then,
with a platinum electrode (not shown) being negative in
polarity and the n-type silicon substrate 1 (ohmic elec-
trode 2) being positive in polarity, while light emission is
carried out for the polycrystalline silicon layer 3, anodic
oxidization is carried out at a constant current. In this
manner, the porous polycrystalline silicon layer 4 is
formed. The thus formed porous polycrystalline silicon
layer 4 contains polycrystalline silicon grains and silicon
nanocrystals. In Embodiment 1, although all of the poly-
crystalline silicon layer 3 is made porous, the layer may
be partially made porous.

[0059] After the anodic oxidization processing step
has terminated, the porous polycrystalline silicon layer
4 is oxidized in accordance with the oxidizing step,
whereby the drift layer 6 consisting of the oxidized po-
rous polycrystalline silicon layer is formed, and a struc-
ture shown in Fig. 3C is obtained. In the oxidizing step,
the porous polycrystalline silicon layer 4 is oxidized in a
rapid heating technique, whereby a drift layer 6 is
formed, the drift layer containing the grains 51, silicon
nanocrystals 63, and silicon oxide films 52 and 64. A
lamp annealing device is employed in the oxidizing step
using the rapid heating technique. In this case, while O,
gas atmosphere is produced in a furnace, the substrate
temperature is risen from the room temperature to a pre-
determined oxidization temperature (for example,
900°C) at a predetermined temperature rise velocity (for
example, 80°C / sec). Then, the substrate temperature
is maintained by a predetermined oxidization time (for
example, 1 hour), and rapid thermal oxidization (RTO)
is carried out. Then, the substrate temperature is low-
ered to the room temperature. In Embodiment 1, al-
though the temperature rise velocity is set to 80°C / sec,
the temperature rise velocity may be set to 80°C / sec
or more, and it is preferable that the velocity be set to
150°C / sec or more. A reason for thus setting the tem-
perature rise velocity will be described later. In Embod-
iment 1, the oxidization step is provided as the insulating
film forming step of forming the silicon oxide films 64,
which are insulating films, on the surfaces of the silicon
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nanocrystals 63 that are semiconductor nanocrystals.
[0060] After the drift layer 6 has been formed, a first
thin film layer consisting of a metal film (chrome film in
Embodiment 1) is deposited on the drift layer 6 in ac-
cordance with an electron beam vapor deposition tech-
nique. Further, a second thin film layer consisting of a
metal film (gold film in Embodiment 1) is deposited on
the first thin film layer in accordance with the electron
beam vapor deposition technique. In this manner, a sur-
face electrode 7 consisting of the first thin film layer and
the second thin film layer is formed, and an electron
source 10 with its structure shown in Fig. 3D is obtained.
In Embodiment 1, although the surface electrode 7 is
formed in accordance with the electron beam vapor dep-
osition technique, a method of forming the surface elec-
trode 7 is not limited to the electron beam vapor depo-
sition technique, and a sputtering technique may be em-
ployed, for example.

[0061] In the meantime, the present inventors have
obtained a finding that, as a result of search, a condition
for the oxidizing step using the rapid heating technique,
in particular, a temperature rise velocity affects a devi-
ation between lots of characteristics such as electron
emission efficiency, dielectric strength, or service life.
[0062] Then, the presentinventors carried out analyt-
ical evaluation of the drift layer 6 of the electron source
10 by setting the temperature rise velocity in the rapid
heating technique to 80°C / sec. Specifically, there were
carried out: a structural evaluation in the vicinity of the
surface of the drift layer 6 in accordance with a photo-
luminescence technique (PL technique); observation
and element analysis of a structure of a drift layer sur-
face vicinity portion using a sectional TEM (Transmis-
sion type Emission Microscope); and dimensional
measurement of the existing quantity of the drift layer
constituent element relevant to the depth direction by
using X-ray photo-electron spectroscopy (XPS tech-
nique). Further, similar analytical evaluation was carried
out for an electron source (drift layer) according to Com-
parative Example as well. The electron source accord-
ing Comparative Example was manufactured by setting
the temperature rise velocity in the rapid heating tech-
nique to 20°C / sec which is lower than 80°C / sec. As
a result, in Comparative Example in which the temper-
ature velocity was set to 20°C / sec, in the drift layer, an
SiO, film was formed from the surface (critical surface
with surface electrode 7) to a depth of about 100 nm,
and the presence of silicon nanocrystal was not verified.
In contrast, in the drift layer in the electron source 10 in
which the temperature rise velocity was set to 80°C /
sec, which is comparatively high, it was found that the
silicon nanocrystals 63 exist in a region to the depth of
about 100 nm from the surface as well.

[0063] Hereinafter, a result f each analytical evalua-
tion will be described. First, a result obtained by obser-
vation and element analysis caused to a sectional TEM
for a structure in the vicinity of a surface, respectively,
will be described with respect to the drift layer 6 of the
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electron source 10 according to Embodiment 1 and the
drift layer according to Comparative Example. By eval-
uation caused by the sectional TEM, in the drift layer 6
of the electron source 10, the columnar grains of the
polycrystalline silicon and the silicon nanocrystals of na-
no-meter order were verified. In contrast, in the drift lay-
er according to Comparative Example, SiO, films were
formed over the whole region from the surface to a depth
of about 100 mm, and the columnar grains of the poly-
crystalline silicon were verified only in a region deeper
than 100 nm.

[0064] Now, a result of structural evaluation in the vi-
cinity of the surface of the drift layer in accordance with
the PL technique will be described with reference to Fig.
4. Fig. 4 shows light emission spectra measured by
emitting light of 325 nm in wavelength from a He-Cd la-
ser. "a" in Fig. 4 indicates the light emission spectra of
the drift layer 6 according to Embodiment 1, and "b" in-
dicates the light emission spectra of the drift layer ac-
cording to Comparative Example. An invasion length of
the light emitted from the He-Cd laser into the drift layer
6 is within the range of 100 nm in the depth direction
from the surface of the drift layer 6. Therefore, the light
emission spectra of each of "a" and "b" in Fig. 4 indicates
light emission spectra from a shallow region in the vicin-
ity of the surface. In general, the light emission from the
silicon oxide films is referred to as an F band, and is
known to have a peak in the proximity of 430 nm to 540
nm. In addition, the light emission from the silicon na-
nocrystals is referred to as an S band, and is known to
have a peak in the vicinity of 650 nm to 800 nm. As is
evident from Fig. 4, in the drift layer 6 according to Em-
bodiment 1, the peak believed to be light emission from
the silicon nanocrystals 63 and the peak believed to be
light emission from the silicon oxide films are observed.
In contrast, in the drift layer according to Comparative
Example, only the peak believed to be light emission
from the silicon oxide films is observed. That is, in the
region from the surface of the drift layer 6 according to
Comparative Example to the depth of about 100 nm, sil-
icon nanocrystals hardly exist, a majority or all of which
are believed to be silicon oxide films. This result coin-
cides with the analysis result caused by the sectional
TEM.

[0065] Now, a result of distribution measurement in
the depth direction concerning an existence quantity of
drift layer constituent elements in accordance with the
XPS technique will be described with reference to Fig.
5. The horizontal axis of Fig. 5 indicates the depth from
the surface of the drift layer 6. The vertical axis of Fig.
5 indicates the atom concentration. "a1", "a2", and "a3"
in Fig. 5 indicate the measurement result relevant to the
drift layer 6 according to Embodiment 1. In addition,
"p1", "b2", and "b3" indicate the measurement result rel-
evant to the drift layer according to Comparative Exam-
ple. Here, "a1" and "b1" indicate the distribution in the
depth direction of SiO,, "a2" and "b2" indicate the dis-
tribution in the depth direction of Si, and "a3" and "b3"
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indicate the distribution in the depth direction SiOx. As
is evident from Fig. 5, in the drift layer 6 according to
Embodiment 1, Si and SiO, are observed in the region
in which the depth from the surface is shallower than
100 nm. In contrast, in the drift layer according to Com-
parative Example, Siis not observed in the region which
is shallower than 100 nm from the surface, and only
SiO, is observed. This result coincides with the analysis
result caused by the sectional TEM.

[0066] From the above analysis result, as shown in
Fig. 6A and Fig. 6B, in the drift layer 6 according to Em-
bodiment 1, it is believed that the silicon nanocrystals
63 having the silicon oxide films 64 formed on the sur-
face thereof are contained in the vicinity of the surface
of the drift layer 6 as well. Then, it is believed that the
electrons "e-" injected into the drift layer 6 are acceler-
ated by the strong electric field applied to the silicon ox-
ide films 64, drift in the orientation (right side) indicated
by the arrow in Fig. 6A with hardly colliding with the sil-
icon nanocrystals 63, reach the surface of the drift layer
6, tunnel the surface electrode 7, and are emitted into
the vacuum (the single dotted chain light in Fig. 6A in-
dicates the flow of electrons "e-"). "PPS" described at
the upper part of Fig. 6A indicates the drift layer 6, "Met-
al" indicates the surface electrode 7, and "Vacuum" in-
dicates a vacuum. In addition, Fig. 6B is an energy band
chart illustrating a principle of electron emission. "SiO,"
in Fig. 6B indicates silicon oxide films 64, "uc-Si" indi-
cates silicon nanocrystals 63 of nano-meter order, "Eg),"
indicates the Fermi level of the surface electrode 7, and
"Eva" indicates the vacuum level.

[0067] On the other hand, as shown in Fig. 7, in the
drift layer according to Comparative Example (hereinaf-
ter, referred to as "drift layer 6™), the film thickness of
each of the silicon oxide films 64 increases as the film
is close to the surface of the drift layer 6', and the silicon
nanocrystals 63 are destroyed. In the vicinity of the sur-
face, any silicon nanocrystals 63 do not exist. Thus, a
part of the electrons "e-" injected in the drift layer 6' are
diffused or absorbed by the silicon oxide films 64 each
of which has a film thickness (degree of mean free pass
of electrons) larger than the film thickness to an extent
such that an electron tunneling phenomenon occurs.
Thus, it is believed that the electron emission efficiency
is lowered, and the dielectric strength and service life
are lowered.

[0068] In the drift layer 6 according to Embodiment 1,
the silicon nanocrystals 63 exist in the vicinity of the sur-
face as well. In contrast, in the drift layer 6' according to
Comparative Example, the following model is believed
to be responsible for destruction of the silicon nanocrys-
tals 63 in the vicinity of the surface. That is, in Embodi-
ment 1, in the oxidizing step after the anodic oxidization
processing step, as shown in Fig. 8A, an oxygen mole-
cule 80 reaches the periphery of the silicon nanocrystal
63. At this time, a temperature rise velocity is compara-
tively high (80°C / sec), and thus, the silicon oxide films
64 are formed within a short time on the surfaces of the
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silicon nanocrystals 63 formed in accordance with anod-
ic oxidization. Thus, diffusion of an oxygen atom 81 into
the center portion of the silicon nanocrystal 63 is inhib-
ited. In this manner, it is believed that the silicon oxide
film 64 having film thickness (degree of mean free path
of electrons) in which an electron tunneling phenome-
non occurs is formed only on the surface of the silicon
nanocrystal 63. On the other hand, in Comparative Ex-
ample as well, in the oxidizing step after anodic oxidiza-
tion processing step, as shown in Fig. 8B, the oxygen
molecule 80 reaches the periphery of the silicon nanoc-
rystal 63. However, the temperature rise velocity is com-
paratively low (20°C / sec), and thus, the oxygen atom
81 diffuses to the center portion of the silicon nanocrys-
tal 63 formed in accordance with anodic oxidization, and
the entirety of the silicon nanocrystal 63 is oxidized. This
is because the silicon nanocrystal 63 is destroyed.
[0069] Fig. 9 shows a change with en elapse of time,
of a respective electron emission efficiency when the
temperature rise velocity is set to 80°C / sec, 160°C /
sec, and 20°C / sec. The vertical axis of Fig. 9 indicates
electron emission efficiency, and the horizontal axis in-
dicates an elapsed time. "a" in Fig. 9 indicates a case
in which the temperature rise velocity is set to 80°C /
sec, "b" indicates a case in which the velocity is set
t020°C / sec, and "c" indicates a case in which the ve-
locity is set to 160°C/sec. As is evident from Fig. 9, in
Embodiment 1, the electron emission efficiency is high
and a change with an elapse of time of the electron emis-
sion efficiency is reduced as compared with Compara-
tive Example. In this manner, the service life is extend-
ed. In addition the temperature rise velocity is increased
from 80°C / sec to 160°C / sec, whereby the electron
emission efficiency is increased more remarkably.
[0070] A change with anelapse of time, of the electron
emission efficiency shown in Fig. 9 can be fitted by a
function (hereinafter, referred to as "damping function")
that damps relevant to an elapsed time in an exponential
function manner. That is, an initial value of the electron
emission efficiency (hereinafter, referred to as "initial
electron emission efficiency") is defined as n0, a time
constantis defined as 1, a proportional coefficient (linear
filter) is defined as v, and an elapsed time is defined as
t, the electron emission efficiency in an arbitrarily
elapsed time "t" can be approximated in the following
formula 1. As a value of time constant t increases, the
service life of the electron source increases.

n =n0-exp ((-t/ 1)y) Formula 1

[0071] Fig. 10 shows a relationship between the initial
electron emission efficiency n0 and the time constant t
obtained by being fitted by the damping function. The
vertical axis of Fig. 10 indicates the initial electron emis-
sion efficiency n0, and the horizontal axis indicates the
time constant 1. "a" in Fig. 10 indicates a case in which
the temperature rise velocity is set to 80°C / sec, "b"
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indicates a case in which the temperature rise velocity
is set to 20°C / sec, and "c" indicates a case in which
the temperature rise velocity is set to 160°C / sec. Ac-
cording to Fig. 10, as the temperature rise velocity in-
creases, it is found that the initial electron emission ef-
ficiency n0 and the time constant 1 increase. Namely,
as the temperature rise velocity increases, the electron
emission efficiency can be improved, and the service
life can be extended. Here, assuming that the charac-
teristic evaluation of the electron source is carried out
by a multiple n0-t between the initial electron emission
efficiency n0 and the time constant 7, it is believed that
the characteristics of the electron source is more excel-
lent as the value of n0-t increases. The value of n0-tis
0.092in"b",5.2in"a", and 21.8 in "c". The temperature
rise velocity is increased from 20°C / sec to 80°C / sec,
it is found that the value of n0-t is larger by 50 times as
compared with a case of 20°C / sec. Therefore, the tem-
perature rise velocity is set to 80°C / sec or more, where-
by the electron emission efficiency can be improved,
and the service life can be extended as compared with
a case of 20°C / sec. Further, the temperature rise ve-
locity is set to 150°C or more, whereby the electron
emission efficiency can be improved more remarkably,
and the service life can be extended more significantly.
Although the temperature rise velocity is restricted by
performance of a manufacturing apparatus (for exam-
ple, lamp annealing device) employed in the rapid heat-
ing technique, it is currently known that the temperature
rise velocity can be increased to about 400°C / sec.
[0072] With the method of manufacturing the electron
source 10 according to Embodiment 1, the thickness of
the silicon oxide films 64 that are insulating films in the
drift layer 6 can be set at the film thickness to an extent
such that an electron tunneling phenomenon occurs.
Thus, electron diffusion in the silicon oxide films 64 can
be reduced, and a deviation of thickness of the silicon
oxide films 64 in the drift layer 6 can be reduced. In this
manner, the design of the dielectric strength and service
life is made easy, the dielectric strength can be im-
proved, and the service life can be extended. Further,
the electron emission efficiency can be improved.

(Embodiment 2)

[0073] Hereinafter, Embodiment 2 of the present in-
vention will be described. In Embodiment 2, as an elec-
trically conductive substrate, there is employed a sub-
strate on which an electrically conductive layer consist-
ing of a metal film (for example, tungsten film) is provid-
ed on one surface of an insulating substrate consisting
of a glass substrate (for example, quartz glass sub-
strate).

[0074] As shown in Fig. 11, in an electron source 10
according to Embodiment 2, a drift layer 6 consisting of
an oxide porous polycrystalline silicon layer is formed
on an electrically conductive layer 12 on an insulating
substrate 11. A surface electrode 7 is formed on the drift
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layer 6. A configuration of the surface electrode 7 is sim-
ilar to that of Embodiment 1.

[0075] In order to emit electrons from the electron
source 10, a collector electrode 21 is arranged so as to
be opposite to the surface electrode 7, and a vacuum
state is established between the surface electrode 7 and
the collector electrode 21. Then, a direct current voltage
Vps is applied between the surface electrode 7 and the
electrically conductive layer 21 so that the surface elec-
trode 7 becomes positive in polarity (high potential) rel-
evant to the collector electrode 21, and a direct current
voltage Vc is applied between the collector electrode 21
and the surface electrode 7 so that the collector elec-
trode 21 becomes positive in polarity relevant to the sur-
face electrode 7. When the direct current voltages Vps
and Vc are properly set, the electrons injected from the
electrically conductive layer 12 drift in the drift layer 6,
and are emitted via the surface electrode 7 (the single
dotted chain line in Fig. 11 indicates the flow of electrons
"e-" emitted through the surface electrode 7). The elec-
trons arrived on the surface of the drift layer 6 are be-
lieved to be hot electrons, easily tunnel the surface elec-
trode 7, and are emitted into the vacuum. In the electron
source 10 according to Embodiment 2 as well, as in the
electrode 10 according to Embodiment 1, as a ratio of
the emission current le to the diode current Ips (= le /
Ips) increases, the electron emission efficiency increas-
es.

[0076] The configuration and function of the drift layer
6 is similar to those of Embodiment 1. That is, the drift
layer 6 is composed of, at least, grains 51, silicon oxide
films 52, a number of silicon nanocrystals 63, and a
number of silicon oxide films 64 (refer to Fig. 1). In ad-
dition, in the drift layer 6, the surface of each grain is
made porous, and a crystalline state is maintained at
the center portion of each grain. The thickness of each
of the silicon oxide films 64 is set at the film thickness
to an extent such that an electron tunneling phenome-
non occurs (degree of mean free path of electrons), for
example, about 1 nm to 3 nm.

[0077] Inthe electron source 10 according to Embod-
iment 2 as well, it is believed that the electron emission
occurs in a model similar to the case of the electron
source 10 according to Embodiment 1. Thatis, the direct
current voltage Vps is applied between the surface elec-
trode 7 and the electrically conductive later 12 with the
surface electrode 7 being positive in polarity, and the
direct current voltage Vcis applied between the collector
electrode 21 and the surface electrode 7 with the col-
lector electrode 21 being positive in polarity, whereby
the electrons "e-" injected from the electrically conduc-
tive layer 12 into the drift layer 6 by thermal excitation
drift, tunnel the surface electrode 7, and are emitted into
the vacuum.

[0078] In the case where the electron source 10 ac-
cording to Embodiment 2 is utilized as an electron
source of a display, the lower electrode (electrically con-
ductive substrate) or surface electrode 7 and the like
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may be properly patterned.

[0079] A method of manufacturing the electron source
10 according to Embodiment 2 will be described with
reference to Fig. 12A to Fig. 12D.

[0080] First, on one surface side of an insulating sub-
strate 11, an electrically conductive layer 12 consisting
of a metal layer (for example, tungsten film) is formed,
and an electrically conductive substrate is fabricated in
accordance with a sputtering technique or the like.
Then, on a main surface side of the electrically conduc-
tive substrate (on the electrically conductive layer 12),
a non-doped polycrystalline silicon layer 3 is formed as
a semiconductor layer, and a structure shown in Fig.
12A is obtained. As a method of film forming the poly-
crystalline silicon layer 3, for example, there may be em-
ployed a CVD technique (such as LPCVD technique,
plasma CVD technique, or catalytic CVD technique, for
example), a sputtering technique, ora CGS (Continuous
Grain Silicon) technique.

[0081] After the non-doped polycrystalline silicon lay-
er 3 has been formed, the polycrystalline silicon layer 3
is made porous in accordance with the anodic oxidiza-
tion processing step, whereby a porous polycrystalline
silicon layer 4 that is a porous semiconductor layer is
formed, and a structure shown in Fig. 12B is obtained.
In the anodic oxidization processing step, there is em-
ployed an anodic oxidization processing vessel that
contains an electrolytic solution consisting of a mixture
solution obtained by mixing 55 wt.% of hydrogen fluoride
water solution and ethanol at substantially 1: 1. Then,
with a platinum electrode (not shown) being negative in
polarity and the electrically conductive layer 12 being a
positive layer, while light emission is carried out for the
porous polycrystalline silicon layer 3, anodic oxidization
processing is carried out at a constant current. In this
manner, a porous polycrystalline silicon layer 4 is
formed. The porous polycrystalline silicon layer 4 con-
tains polycrystalline silicon grains and silicon nanocrys-
tals. In Embodiment 2, although entire polycrystalline
silicon layer 3 is made porous, the layer may be partially
made porous.

[0082] After the anodic oxidization processing step
has terminated, the porous polycrystalline silicon layer
4 is oxidized, whereby a drift layer 6 consisting of an
oxidized porous polycrystalline silicon layer is formed,
and a structure shown in Fig. 12C is obtained. In the
oxidizing step, the porous polycrystalline silicon layer 4
is oxidized in accordance with the rapid heating tech-
nique, whereby a drift layer 6 containing the grains 51,
the silicon nanocrystals 63 and silicon oxide films 52 and
64 is formed. In the oxidizing step using the rapid heat-
ing technique, as is the case of Embodiment 1, O, gas
atmosphere is produced inside of a furnace by employ-
ing a lamp annealing device, and the substrate temper-
ature is risen from the room temperature to a predeter-
mined oxidization temperature (for example, 900°C) by
a predetermined temperature rise velocity (for example,
80°C / sec). Then, the substrate temperature is main-
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tained for a predetermined oxidization time (for exam-
ple, 1 hour), and rapid thermal oxidization (RTO) is ap-
plied. Then, the substrate temperature is lowered to the
room temperature. In Embodiment 2, although the tem-
perature rise velocity is set to 80°C / sec, the tempera-
ture rise velocity may be set to 80°C / sec or more, as
is the case of Embodiment 1, it is preferable that the
velocity be set to 150°C / sec or more. In Embodiment
2 as well, as is the case of Embodiment 1, the oxidizing
step is provided as the insulating film forming step of
forming the silicon oxide films 64 that are insulating films
on the surfaces of the silicon nanocrystals 63 that are
semiconductor nanocrystal.

[0083] After the drift layer 6 has been formed, a first
thin film layer consisting of a metal film (chrome film in
Embodiment 2) is deposited on the drift layer 6 in ac-
cordance with the electron beam vapor deposition tech-
nigue. Further, a second thin film layer consisting of a
metal layer (gold layer in Embodiment 2) is deposited
on the first thin film layer in accordance with the electron
beam vapor deposition technique. In this manner, the
surface electrode 7 consisting of the first thin film layer
and the second thin film layer is formed, and the electron
source 10 with its structure shown in Fig. 12D is ob-
tained. In Embodiment 2, although the surface electrode
7 is formed in accordance with the electron beam vapor
deposition technique, a method of forming the surface
electrode 7 is not limited to the electron beam vapor dep-
osition technique, and a sputtering technique may be
employed, for example.

[0084] In this manner, with the method of manufactur-
ing the electron source 10 according to Embodiment 2,
the thickness of the silicon oxide film 64 that is an insu-
lating film in the drift layer 6 can be provided as the film
thickness to an extent such that an electron tunneling
phenomenon occurs (degree of mean free path of elec-
trons). Thus, electron diffusion in the silicon oxide films
64 each can be reduced, and a deviation of the thick-
ness of the silicon oxide films 64 in the drift layer 6 can
be reduced. In this manner, the design of the dielectric
strength and service life is made easy. Therefore, the
dielectric strength can be improved, and the service life
can be extended. Further, the electron emission efficien-
cy can be improved.

[0085] Inthe meantime, in Embodiments 1 and 2, the
drift layer 6 is composed of the oxidized porous poly-
crystalline silicon layer. However, the drift layer 6 may
be composed of a nitrided porous polycrystalline silicon
layer or an oxi-nitrided porous polycrystalline silicon lay-
er. Alternatively, this layer may be composed of the other
oxide, nitride, or oxi-nitride porous semiconductor layer.
[0086] In the case where the drift layer 6 is formed of
the nitrided porous polycrystalline silicon layer, there
may be employed a nitriding step (insulating film forming
step) of nitriding the porous polycrystalline silicon layer
4 in accordance with the rapid heating technique in
which the temperature rise velocity is set as in the em-
bodiments by employing NH; gas, for example, instead
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of the oxidizing step (insulating firm forming step) of car-
rying out oxidization in accordance with the rapid heat-
ing technique employing O, gas. In this case, the silicon
oxide films 52 and 64 each in Fig. 1 are provided as sil-
icon nitride films.

[0087] In the case where the drift layer 6 is formed of
the oxi-nitride porous polycrystalline silicon layer, there
may be employed the oxidization and nitriding (insulat-
ing film forming step) of oxidizing / nitriding the porous
polycrystalline silicon layer 4 in accordance with the rap-
id heating technique in which the temperature rise ve-
locity is set as in the embodiments by employing a mix-
ture gas between O, gas and gas containing nitrogen
such as NHj3 gas, N,O gas, NO gas, or N, gas, for ex-
ample, instead of the step of oxidizing the porous poly-
crystalline silicon layer 4 in accordance with the rapid
heating technique. In this case, the silicon oxide films
52 and 64 in Fig. 1 are provided as silicon oxi-nitride
films.

[0088] In addition, in the case where the drift layer 6
is formed of the oxi-nitride porous polycrystalline silicon
layer, as the insulating film forming step of forming an
insulating film consisting of a silicon oxi-nitride film,
there may be employed: the oxide film forming step of
forming a silicon oxide film that is an oxide film on the
surface side of the silicon nanocrystal 63 in accordance
with the rapid heating technique in which the tempera-
ture rise velocity is set as in the embodiments; and the
nitriding processing step of nitriding the silicon oxide film
formed in accordance with the oxide film forming step,
thereby forming a silicon oxi-nitride film that is an oxi-
dized and nitrided film.

[0089] In the case where the silicon nitride film or sil-
icon oxi-nitride film is employed as an insulating film
formed on the surface side of the silicon nanocrystal 63
that is a semiconductor film crystal, the dielectric
strength is improved as compared with a case employ-
ing the silicon oxide film. In addition, in the case where
a laminate film between the silicon oxide film and the
silicon nitride film is employed as an insulating film as
well, the dielectric strength is improved as compared
with a case of employing the silicon oxide film.

[0090] After forming the drift layer 6 in the method of
manufacturing the electron source 10 according to Em-
bodiments 1 and 2 each, foaming processing for com-
pensating for a defect in the drift layer 6 is carried out
before forming the surface electrode 7, whereby the de-
fect of the insulating film can be compensated for. In this
manner, the dielectric strength can be improved more
remarkably, and the service life can be extended more
significantly. Foaming processing may be carried out by
rising the substrate temperature to a predetermined
temperature (for example, 450°C) in a mixture gas con-
sisting of at least H, and N,. In accordance with such
foaming processing, it is possible to prevent the thick-
ness of the insulating film from being larger than that
before foaming processing or impurities from being in-
troduced. Further, a defect of the insulating film can be
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compensated for at a comparatively low temperature as
compared with the substrate temperature using the rap-
id heating technique.

[0091] In the insulating film forming step according to
Embodiments 1 and 2, the insulating film is formed by
employing the rapid heating technique. However, the sil-
icon oxide film 64 that is an insulating film may be formed
in accordance with an electrochemical method. In this
case, for example, by employing the oxidization
processing vessel that contains an electrolytic solution
(such as 1 M of H,SO,4, 1 M of HNO3, or aqua regia, for
example), with a platinum electrode (not shown) being
negative in polarity and a lower electrode (n-type silicon
substrate in Embodiment 1 or electrically conductive
layer 12 in Embodiment 2) being positive in polarity, a
constant current is supplied, whereby the porous poly-
crystalline silicon layer 4 may be oxidized. In this man-
ner, the drift layer 6 containing the grains 51, silicon na-
nocrystals 63, and silicon oxide films 52 and 64 and be
formed. Of course, the insulating film formed in accord-
ance with the electrochemical method may be provided
as a nitride film such as silicon oxide film or an oxi-nitride
film such as silicon oxi-nitride film.

[0092] When the insulating film was formed in such
an electrochemical method, it was verified that the insu-
lating film with film thickness to an extent such that an
electron tunneling phenomenon occurs (degree of
mean free path of electrons) can be formed and that the
silicon nanocrystals 63 are not destroyed. However, the
result that the electron emission efficiency is low and the
service life is short was obtained as compared with a
case in which the insulating film was formed in accord-
ance with the rapid heating technique in which the tem-
perature rise velocity was set to 80°C / sec. In addition,
it was verified that the silicon oxide film formed in ac-
cordance with the electrochemical method contains a
large amount of water as compared with the silicon ox-
ide film formed in accordance with the rapid heating
technique.

[0093] Therefore, in the insulating film forming step of
forming each insulating film, after the insulating film has
been electrochemically formed, the insulating film is
formed in accordance with the rapid heating technique,
whereby the water of the silicon oxide film can be re-
moved, and the electron emission characteristics can
be improved. In other words, before forming the insulat-
ing film in accordance with the rapid heating technique,
the insulating film is formed in accordance with the elec-
trochemical method, whereby the electron source 10
with its high electron emission efficiency and dielectric
strength and the extended service life can be provided
while the silicon nanocrystals are prevented from being
destroyed in accordance with the rapid heating tech-
nique.

(Embodiment 3)

[0094] Hereinafter, Embodiment 3 of the present in-
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vention will be described. An electron source according
to Embodiment 3 has an insulating film consisting of a
silicon oxide film. In Embodiment 3, as an electrically
conductive substrate (lower electrode), there is em-
ployed a single-crystalline n-type silicon substrate
whose resistivity is comparatively close to a resistivity
of a conductor (for example, a (100) substrate whose
resistivity is 0.01 Q cm to 0.02 Q cm).

[0095] As shown in Fig. 13, in an electron source 10
according to the embodiment 3, a drift layer 6 consisting
of an oxidized porous polycrystalline silicon layer is
formed on a main surface side of an n-type silicon sub-
strate 1 that is an electrically conductive substrate. A
surface electrode 7 is formed on the drift layer 6. An
ohmic electrode 2 is formed on the back surface of the
n-type silicon substrate 1. Therefore, a surface elec-
trode 7 is opposed to a lower electrode 12, and the drift
layer 6 is interposed between the lower electrode 12 and
the surface electrode 7. Further, porous polycrystalline
silicon layer composes porous semiconductor layer
[0096] A material with its small work function is em-
ployed for a material for the surface electrode 7. The
thickness of the surface electrode 7 is set to 10 nm.
However, the thickness thereof is not limited to this val-
ue, and may be thickness such that an electron passing
through the drift layer 6 can be tunneled. The thickness
of the surface electrode 7 may be set to about 3 nm to
15 nm.

[0097] The configuration and function of the drift layer
6 is similar to those of Embodiment 1. That is, the drift
layer 6 is composed of, at least, grains 51, silicon oxide
films 52, a number of silicon nanocrystals 63, and a
number of silicon oxide films 64 (refer to Fig. 1). In ad-
dition, in the drift layer 6, the surface of each grain is
made porous, and a crystalline state is maintained at
the center portion of each grain. The thickness of each
of the silicon oxide films 64 is set at the film thickness
to an extent such that an electron tunneling phenome-
non occurs (degree of mean free path of electrons), for
example, about 1 nm to 3 nm.

[0098] As shown in Fig. 14, in an electron source 10
according to Embodiment 3 as well, it is believed that
electron emission occurs in a model similar to the case
of the electron source 10 according to Embodiment 1.
That is, a direct current voltage Vps is applied between
the surface electrode 7 and the lower electrode 12 with
the surface electrode being positive in polarity, and a
direct current voltage Vcis applied between the collector
electrode 21 and the surface electrode 7 with the col-
lector electrode 21 being positive in polarity, whereby
the electrons "e-" injected from the lower electrode 12
into the drift layer 6 in accordance with thermal excita-
tion drift, tunnel the surface electrode 7, and are emitted
into the vacuum.

[0099] Hereinafter, a method of manufacturing the
electron source 10 according to Embodiment 3 will be
described with reference to Fig. 15A to Fig. 15D.
[0100] First, an ohmic electrode 2 is formed on the
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back surface of an n-type silicon substrate 1. Then, a
non-doped polycrystalline silicon layer 3 is formed as a
semiconductor layer on a main surface of the n-type sil-
icon substrate 1, and a structure shown in Fig. 3A is ob-
tained. As a method of film forming the polycrystalline
silicon layer 3, for example, there may be employed a
CVD technique (such as LPCVD technique, plasma
CVD technique, or catalytic CVD technique, for exam-
ple), a sputtering technique, or a CGS (Continuous
Grain Silicon) technique or the like.

[0101] After the non-doped polycrystalline silicon lay-
er 3 has been formed, the polycrystalline silicon layer 3
that is a semiconductor layer targeted for anodic oxidi-
zation is made porous in accordance with the anodic ox-
idization processing step, whereby a porous polycrys-
talline silicon layer 4 is formed, and a structure shown
in Fig. 15B is obtained. The porous polycrystalline sili-
con layer 4 formed in accordance with the anodic oxidi-
zation processing step contains a number of polycrys-
talline silicon grains and a number of silicon nanocrys-
tals. In the anodic oxidization processing step, there is
employed a processing vessel that contains an electro-
lytic solution consisting of a mixture solution obtained
by mixing 55 wt.% of hydrogen fluoride water solution
and ethanol at substantially 1 : 1. Then, while light emis-
sion is carried out on the surface of the polycrystalline
silicon layer 3 by employing a light source that consists
of a 500 W tungsten lamp, a constant current is supplied
from a power source (not shown) between the lower
electrode 12 and a cathode consisting of a platinum
electrode (namely, with a current density being con-
stant). In this manner, the polycrystalline silicon layer 3
is made porous from the main surface of the polycrys-
talline silicon layer 3 to a depth reaching the n-type sil-
icon substrate 1.

[0102] After the anodic oxidization processing step
has terminated, the silicon oxide films 52 and 64 that
are insulating films are formed on the surface of the
semiconductor crystals (each grain and each silicon na-
nocrystal) contained in the porous polycrystalline silicon
layer 4. In this manner, a drift layer 6 containing the
grains 51, silicon nanocrystals 63, and silicon oxide films
52 and 64 is formed, and a structure shown in Fig. 15C
is obtained. When the insulating film is formed, rinsing
is carried out by using ethanol after terminating the
anodic oxidization processing step, and then, a constant
voltage is applied between the lower electrode 12 and
a cathode consisting of a platinum electrode from a pow-
er source (not shown) by employing the processing ves-
sel containing 1 M of sulfuric acid water solution. In this
manner, an insulating thin film (silicon oxide film) which
forms a basis is formed on the surface of each grain and
each silicon nanocrystal in accordance with the electro-
chemical method.

[0103] Next, the temperature profile heat treatment
step as shown in Fig. 16 is carried out, and desired in-
sulating films (silicon oxide films 52 and 64) are ob-
tained. As shown in Fig. 16, in the heat treatment step,
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first heat treatment is carried out at a first set tempera-
ture T1 and a temperature rise velocity set so that the
water contained in the insulating thin film is removed
without being rapidly boiled. Then, second heat treat-
ment is carried out at a second set temperature T2 set
so0 as to be higher than the first set temperature T1 and
so that structural alleviation of the insulating thin film oc-
curs. In this manner, a desired insulating thin film is ob-
tained.

[0104] Inthe heattreatment step, although alamp an-
nealing device is employed, for example, a general fur-
nace may be employed as well. The first heat treatment
is carried out in an oxygen gas atmosphere (namely, at-
mosphere containing oxide species). The first set tem-
perature T1 is set to 450°C, for example, and a heat
treatment time H2 is set to 1 hour, for example. In addi-
tion, the second heat treatment is carried out in an ox-
ygen gas atmosphere (namely, atmosphere containing
oxide species). The second set temperature T2 is set to
900°C, for example, and a heat treatment time H4 is set
to 20 minutes, for example. In Embodiment 3, the rapid
heat treatment technique is employed as a second heat
treatment. The temperature rise velocity during a tem-
perature rise period H3 at which the substrate temper-
ature is risen from the first set temperature T1 to the
second set temperature T2 is set to 150°C / sec. The
temperature rise velocity during the temperature rise pe-
riod H3 is set to be higher than that during the temper-
ature rise period H1 at which a temperature is increased
from room temperature to the first set temperature.
[0105] The first set temperature T1 may be set within
the range of 100°C to 700°C, and it is desirable that the
temperature be set to 300°C or more. The second set
temperature T2 may be set within the range of 600°C or
more. The temperature rise velocity during the temper-
ature rise period H3 may be set to 20°C / sec or more,
and it is desirable that the velocity be set to 150°C / sec
ormore. Itis required to set the temperature rise velocity
during the temperature rise period H1 so that the water
contained in the insulating thin film does not boil rapidly,
and thus, it is desirable to set the velocity to 20°C / sec
or less, for example.

[0106] After the drift layer 6 has been formed, the sur-
face electrode 7 consisting of a metal layer (for example,
gold) is formed in accordance with a vapor deposition
technique, and a electron source 10 with its structure
shown in Fig. 15D is obtained. In Embodiment 3, the
surface electrode 7 is formed in accordance with the va-
por deposition technique. However, a method of forming
the surface electrode 7 is not limited to the vapor depo-
sition technique, and a sputtering technical may be em-
ployed, for example.

[0107] In forming the insulating films (silicon oxide
films 52 and 64), first, an insulating thin film forming a
basis is formed in accordance with the electrochemical
method on the surface of a semiconductor crystal (a
number of grains and a number of silicon nanocrystals
contained in the porous polycrystalline silicon layer 4).
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In this manner, even in a semiconductor crystal of small
size such as silicon nanocrystal (semiconductor nanoc-
rystal) whose semiconductor crystal is in nano-meter or-
der, the insulating thin films can be formed without de-
stroying the silicon nanocrystals. Then, the first heat
treatment is carried out at the first set temperature and
temperature rise velocity set so that the water contained
in the insulating thin film is removed without rapid boil-
ing. Then, the second heat treatment is carried out at
the second set temperature set so as to be higher than
the first set temperature and so that structural alleviation
of the insulating thin film occurs. In this manner, desired
insulating films (silicon oxide films 52 and 64) can be
obtained. That is, the water contained in the insulating
film can be sufficiently reduced as compared with the
insulating film formed in accordance with only the elec-
trochemical method while the dielectric strength of the
insulating film is prevented from being lowered due to
rapid boiling of the water contained in the insulating thin
film. In addition, the defect or strain and the like, which
adversely affects the electrical characteristics, can be
alleviated by structural alleviation. In this manner, an in-
sulating film with its high dielectric strength and its ex-
tended service life can be formed.

[0108] In the electron source 10 manufactured in ac-
cordance with such a manufacturing method, the silicon
oxide films 52 and 64 can be formed without destroying
the silicon nanocrystals 63 as compare with a case in
which the silicon oxide films 52 and 64 in the drift layer
6 are formed in accordance with only the rapid thermal
oxidization technique. Thus, the electron emission effi-
ciency, dielectric strength, or service life or the like can
be improved. In addition, the water and strain in the sil-
icon oxide films 52 and 64 can be reduced, and the di-
electric strength and service life can be improved as
compared with a case in which the silicon oxide films 52
and 64 in the drift layer 6 are formed in accordance with
only the electrochemical method.

[0109] In the above manufacturing method, the first
set temperature T1 is set to 700°C or less. Thus, even
in the case where the semiconductor crystals (grains
and silicon nanocrystals) are formed on the surface side
of a glass substrate that is lower in price and lower in
heat resistance temperature as compared with the
quartz glass substrate, the heat treatment time H2 of the
first heat treatment can be comparatively longer. In this
manner, the residual water after the first heat treatment
can be reduced more remarkably. In addition, the sec-
ond set temperature is set within the temperature range
of 600°C or more, and thus, the residual water in the
insulating film (silicon oxide films 52 and 64) can be re-
duced more remarkably than the insulating thin film after
the first heat treatment. Moreover, the second heat treat-
ment is carried out in accordance with the rapid heat
treatment technique, and thus, the temperature can be
risen to the second set temperature within a short time.
Thus, a damage that occurs with the silicon nanocrystal
can be reduced.
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[0110] The first heat treatment is carried out in atmos-
phere containing oxide species, and thus, a defect or
the like occurring due to desorption of the water in the
insulating thin film can be expected to be compensated
for. In addition, oxygen coupling energy or reaction en-
ergy as well as thermal energy is utilized to desorb the
water in the insulating thin film. In this manner, the re-
sidual water after the first heat treatment can be expect-
ed to be reduced more remarkably. Further, the second
heat treatment is carried out in atmosphere containing
oxide species. Thus, a thin thermally oxide film is formed
on the surface side of the insulating thin film in accord-
ance with the second heat treatment, and the dielectric
strength of the insulating film is improved. In Embodi-
ment 3, the second heat treatment is carried out after
the first heat treatment. However, only the first heat
treatment may be carried out without carrying out the
second heat treatment. In this case as well, the dielectric
strength and service life can be improved as compared
with the prior art.

[0111] The first heat treatment may be carried out in
a vacuum or inert gas atmosphere. The first heat treat-
ment is carried out in a vacuum, whereby the first set
temperature T1 can be set to be comparatively lower.
That is, the first heat treatment is carried out in a vacu-
um, the water contained in the insulating thin film des-
orbs at a comparatively low temperature, and thus, the
first set temperature T1 can be set to be comparatively
low. The first heat treatment is carried out in inert gas
atmosphere, thereby making it unnecessary to employ
a vacuum device in order to carry out the first heat treat-
ment. Thus, a simpler device can be employed as com-
pared with the vacuum device, and the throughput in the
device which carries out the first heat treatment can be
improved.

[0112] The second heat treatment may be carried out
in inert gas atmosphere, or alternatively, in atmosphere
containing nitride species. The second heat treatment
is carried out in inert gas atmosphere, thereby making
it unnecessary to employ a vacuum device in order to
carry out the second heat treatment. Thus, a simpler de-
vice can be employed as compared with the vacuum de-
vice, and the throughput in the device which carried out
the second heat treatment can be improved. In addition,
the film thickness of the insulating thin film is not
changed by the second heat treatment, thus making it
possible to control the film thickness of the insulating
film under only a condition for the electrochemical meth-
od. This improves film thickness controllability of the in-
sulating film. On the other hand, the second heat treat-
ment s carried out in atmosphere containing nitride spe-
cies, whereby a thin oxi-nitride film is formed on the sur-
face side of the insulating thin film in accordance with
the second heat treatment. In this manner, the dielectric
strength of the insulating film is improved, and it can be
expected that the electrical characteristics are improved
due to reduction of a defect density in the insulating film.
[0113] Informingthe insulating film, there may be em-
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ployed a thin film forming device and an insulating film
forming device comprising a first heat treatment device
and a second heat treatment device. Here, a thin film
forming device electrochemically forms an insulating
thin film on the surface of a semiconductor crystal. The
first heat treatment device carries out the first heat treat-
ment at a first set temperature and a temperature rise
velocity set so that the water contained in the insulating
thin film is removed without rapid boiling. The second
heat treatment device carries out the second heat treat-
ment at the second set temperature set so as to be high-
er than the first set temperature and so that structural
alleviation of the insulating thin film occurs, thereby
forming a desired insulating film.

[0114] Although not shown, the thin film forming de-
vice comprises: a processing vessel that contains a pre-
determined electrolytic solution (for example, acids
such as sulfuric acid, nitric acid, or aqua regia, or alter-
natively, an electrolytic solution obtained by dissolving
a solute in an organic solvent may be employed); a cath-
ode consisting of a platinum immersed in the electrolytic
solution in the processing vessel; and a power source
(for example, a constant power source) serving as pow-
er supply means for supplying power between an anode
and a cathode with the anode being high in potential. In
the thin film forming device, a target having a semicon-
ductor crystal targeted for forming an insulating thin film
isimmersed in the electrolytic solution in the processing
vessel, and an electrode (lower electrode 12 in Embod-
iment 3) provided in advance on the back surface of the
target is utilized as an anode.

[0115] As shown in Fig. 17, the first heat treatment
device is a lamp annealing device, and includes: an
emission thermometer 42 that is temperature detecting
means; and control means 44. The emission thermom-
eter 42 detects a substrate temperature (temperature of
the lower electrode 12 in Embodiment 3) in a target C
set in a chamber 41 that carries out the first heat treat-
ment. In Embodiment 3, a target layer 6' containing the
grains 51, silicon nanocrystals 63, and insulating thin
films is formed on the main surface side of the lower
electrode 12. The control means 44 controls an output
of a lamp (not shown) consisting of a halogen lamp so
that the detected temperature by the emission thermom-
eter 42 is substantially equal to the predetermined set
temperature (first set temperature T1). Therefore, the
first heat treatment device is compatible with the second
heat treatment device. Thus, the first heat treatment and
the second heat treatment can be continuously carried
out in the same chamber 41.

[0116] In addition, water detecting means 43 is pro-
vided at the first heat treatment device. The water de-
tecting means 43 is provided at the air exhaust side of
the chamber 41 to detect the water caused by the insu-
lating thin film of the target C. In the control means 44,
if an amount of water detected by the water detecting
means 43 is smaller than a predetermined amount, it is
preferable that the first heat treatment be terminated.
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Doing this can prevent an occurrence of excess or short-
age in heat treatment time H2 of the first heat treatment,
and can improve reproducibility of the electrical charac-
teristics of the insulating film. As the water detecting
means 43, for example, a Quadruple Mass Spectrome-
ter can be employed. The water detecting means 43 is
provided at the air exhaust side of the chamber 41,
whereby the water caused by the insulating thin film can
be detected comparatively easily.

[0117] Fig. 18 shows a result obtained by measuring
change characteristics of the flow rate of water that de-
sorbs from the insulating thin film relevant to the sub-
strate temperature, by employing Thermal Desorption
Spectrometry (TDS). In Fig. 18, there is shown that the
flow rate of desorbing water is in the form of an ion cur-
rent. According to the result shown in Fig. 18, it can be
believed that the water in the insulating thin film is fully
desorbed in a temperature region in which the substrate
temperature is 450°C or more. Such a state can be be-
lieved as a substantially water-free state.

[0118] By employing such an insulating film forming
device, an insulating film capable of improving the die-
lectric strength and extending service life can be formed
with high reproducibility. The first heat treatment device
is used together with the second heat treatment device,
whereby the first heat treatment and the second heat
treatment can be continuously carried out.

[0119] In Embodiment 3, although the drift layer 6
contains the grains 51 and silicon nanocrystals 63, this
layer may be configured to be free of the grains 51. In
Embodiment 3, the insulating thin film is defined as a
silicon oxide film. However, the silicon nitride film may
be formed instead of the silicon oxide film. In addition,
although silicon is employed as a material for the sem-
iconductor crystal, a semiconductor material other than
silicon may be employed.

[0120] An insulating layer is employed instead of the
drift layer 6, whereby there is provided an electron
source including: a lower electrode (electrically conduc-
tive substrate); a surface electrode; and an insulating
layer interposed between the lower electrode and the
surface electrode so as to form the above insulating lay-
er in accordance with the above-described method of
forming the insulating thin film. In such an electron
source, the dielectric strength and service life can be
improved as compared with a conventional electron
source with MIM type electric field emission rate.

(Embodiment 4)

[0121] Hereinafter, Embodiment 4 of the present in-
vention will be described.

[0122] As shown in Fig. 19G, in Embodiment 4, as an
electrically conductive substrate, there is employed a
substrate on which an electrically conductive layer 12
(for example, a metal film such as chrome film or ITO
film) is provided on one surface of an insulating sub-
strate 11 consisting of a glass substrate. In the case
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where there is thus employed a substrate on which the
electrically conductive layer 12 is formed on one surface
side of the insulating substrate 11, it is possible to
achieve a larger area for an electron source and cost
reduction as compared with a case in which a semicon-
ductor substrate is employed as an electrically conduc-
tive substrate.

[0123] A basic configuration of an electron source 10
according to Embodiment 4 is similar to a conventional
electron source 10" shown in Fig. 40. That is, a non-
doped polycrystalline silicon layer 3 is formed on the
electrically conductive layer 12 on the insulating sub-
strate 11. A drift layer 6 consisting of an oxide porous
polycrystalline silicon layer is formed on the polycrystal-
line silicon layer 3. A surface electrode 7 is formed on
the drift layer 6. A material with its small function (for
example, gold) is employed for the surface electrode 7.
The film thickness of the surface electrode 7 is set to
about 3 nm to 15 nm. A structure of the drift layer 6 will
be described later. In the electron source 10 shown in
Fig. 19G, a part of the polycrystalline silicon layer 3 is
interposed between the electrically conductive layer 12
and the drift layer 6. However, the drift layer 6 may be
formed on the electrically conductive layer 12 without
having the polycrystalline silicon layer 3 being inter-
posed.

[0124] A process for emitting an electron from the
electron source 10 is similar to that in the case of the
conventional electron source 10" shown in Fig. 40. That
is, a collector electrode 21 (refer to Fig. 40) is arranged
so as to be opposed to the surface electrode 7, and a
vacuum state is established between the surface elec-
trode 7 and the collector electrode 21. Then, a direct
current voltage Vps is applied between the surface elec-
trode 7 and the electrically conductive layer 12 so that
the surface electrode 7 becomes high in potential (pos-
itive in polarity) relevant to the electrically conductive
layer 12. In addition, a direct current voltage Vc is ap-
plied between the collector electrode 21 and the surface
electrode 7 so that the collector electrode 21 becomes
high in potential relevant to the surface electrode 7. The
direct current voltages Vps and Vc each are properly
set, whereby the electrons injected from the electrically
conductive layer 12 drift in the drift layer 6, and are emit-
ted via the surface electrode 7.

[0125] Hereinafter, a method of manufacturing the
electron source 10 according to Embodiment 4 will be
described with reference to Fig. 19A to Fig. 19G.
[0126] First, on one surface side of the insulating sub-
strate 11, an electrically conductive layer 12 is provided
in accordance with a sputtering technique, whereby an
electrically conductive substrate is formed, and a struc-
ture shown in Fig. 19A is obtained.

[0127] Next, a non-doped polycrystalline silicon layer
3 that is a semiconductor layer with its predetermined
film thickness (for example, 1.5 um) is formed (film
formed) on one surface side of the electrically conduc-
tive substrate, and a structure shown in Fig. 19B is ob-
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tained. As a method of film forming the polycrystalline
silicon layer 3, there may be employed a CVD technique
(such as LPCVD technique, plasma CVD technique, or
catalytic CVD technique, for example), a sputtering
technique, or CGS (Continuous Grain Silicon) technique
or the like.

[0128] After the non-doped polycrystalline silicon lay-
er 3 has been formed, a mask material (not shown) for
forming a polycrystalline silicon layer 4' described later
in a predetermined region only is provided on the poly-
crystalline silicon layer 3. Then, an anodic oxidization
processing vessel containing an electrolytic solution
that consists of a mixture solution obtained by mixing 55
wt.% of hydrogen fluoride water solution and ethanol at
substantially 1: 1 is prepared. Then, with a platinum
electrode (not shown) being negative in polarity and the
electrically conductive layer 12 being positive in polarity,
while light emission is carried out for the polycrystalline
silicon layer 3, anodic oxidization processing is carried
out under a predetermined condition. In this manner, a
porous polycrystalline silicon layer 4' is formed. Then,
the mask material is removed, and a structure shown in
Fig. 19C is obtained. In the anodic oxidization process-
ing according to Embodiment 4, the anodic oxidization
processing period, the power of light emitted to the sur-
face of the polycrystalline silicon layer 3, and the current
density are made constant. However, this processing
condition may be changed as required (for example, the
current density may be changed).

[0129] After anodic oxidization processing has termi-
nated, the porous polycrystalline silicon layer 4' is an-
nealed at 400°C in N, gas that is insert gas, whereby a
structure shown in Fig. 19D is obtained. "4" in Fig. 19D
indicates a porous polycrystalline silicon layer after an-
nealed. Before annealing, the top surface of the porous
polycrystalline silicon layer 4' is believed to be terminat-
ed by hydrogen atom, as shown in Fig. 42. In addition,
it is believed that a fluorine atom is captured in the po-
rous polycrystalline silicon layer 4', and further, water is
adsorbed on the surface of the porous polycrystalline
silicon layer 4'.

[0130] As shown in Fig. 20, by carrying out the above
annealing, itis believed that the hydrogen atom, fluorine
atom, and water desorb on the top surface of the porous
polycrystalline silicon layer 4 after annealing. A temper-
ature when annealing the porous polycrystalline silicon
layer 4' may be properly set in the temperature range of
100°C to 700°C according to a material for an electri-
cally conductive substrate or a material for a semicon-
ductor layer. Inert gas when the porous polycrystalline
silicon layer 4' is annealed is not limited to N, gas, and
Ar gas or the like may be employed, for example.
[0131] Next, the porous polycrystalline silicon layer 4
after annealed is electrochemically oxidized in water so-
lution of 1 M of sulfuric acid (H,SO,), thereby forming a
drift layer 6', and a structure shown in Fig. 19G is ob-
tained. The water solution and concentration employed
for electrochemical oxidization is not particularly limited.
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For example, nitric acid water solution or the like may
be employed.

[0132] After electrochemical oxidization has terminat-
ed, the drift layer 6' is annealed at 400°C in N, gas that
is inert gas, and a structure shown in Fig. 19F is ob-
tained. "6" in Fig. 19F indicates a drift layer 6 after an-
nealed. A temperature when annealing the drift layer 6'
may be properly set in the temperature range of 100°C
to 700°C according to a material for an electrically con-
ductive substrate or a material for a semiconductor lay-
er. Inert gas when annealing the drift layer 6' is not lim-
ited to N, gas, and Ar gas may be employed, for exam-
ple. In addition, it is not required to anneal the drift layer
6' in inert gas. This annealing may be carried out in a
vacuum.

[0133] After the drift layer 6 has been formed, the sur-
face electrode 7 consisting of an electrically conductive
thin film (for example, gold thin film) is formed on the
drift layer 6 in accordance with a vapor deposition tech-
nique, for example, and an electron source 10 with its
structure shown in Fig. 19F is obtained. A method of
forming the surface electrode 7 is not limited to such a
vapor deposition technique, and a sputtering technique
may be employed, for example.

[0134] The drift layer 6 of the electron source 10 man-
ufactured in accordance with such a manufacturing
method is believed to be composed of: at least, colum-
nar polycrystalline silicon grains 51; thin silicon oxide
films 52; silicon nanocrystals 63 of nano-meter order;
and silicon oxide films 64 as in the conventional electron
source drift layer 6" shown in Fig. 39. However, the elec-
tron source 10 according to Embodiment 4 is different
from the conventional electron source in the following
point. Thatis, in this electron source 10, after the porous
polycrystalline silicon layer 4' formed in anodic oxidiza-
tion processing has been annealed in inert gas, the po-
rous polycrystalline silicon layer 4' formed in accord-
ance with anodic oxidization processing is oxidized,
thereby forming the drift layer 6'. Then, the surface elec-
trode 7 is formed after the drift layer 6' has been an-
nealed in inert gas. Thus, a defect caused by impurities
such as hydrogen or fluorine contained in the drift layer
6 can be comparatively reduced more remarkably as
compared with a case in which the porous polycrystal-
line silicon layer has been oxidized while water or the
like is adsorbed on the porous polycrystalline silicon lay-
er immediately after anodic oxidization processing. Fur-
ther, a fine oxide film close to a structure of SiO, or a
structure of SiO, can be formed. In this manner, there
can be provided an electron source 10 with a small
change with an elapse of time, of electron emission ef-
ficiency, a high dielectric strength, and high reliability.
[0135] In the above-described manufacturing meth-
od, the porous polycrystalline silicon layer 4 after an-
nealed is electrochemically oxidized. Thus, the porous
polycrystalline silicon layer 4 after annealed can be ox-
idized at a comparatively low temperature. However, the
step of oxidizing the porous polycrystalline silicon layer
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4 after annealed is not limited to the electrochemically
oxidizing step. For example, there may be employed: a
dry process such as the thermal oxidizing step employ-
ing O, gas; the oxidizing step employing O, plasma, or
the oxidizing step employing ozone. These steps are not
a wet process such as electrochemically oxidizing step,
and there is no need to always carry out annealing after
the oxidizing step. Therefore, the number of steps can
be reduced as compared with the case of carrying out
electrochemical oxidization. Moreover, annealing
processing of the porous polycrystalline silicon layer 4'
and oxidization processing of the porous polycrystalline
silicon layer 4 after annealed can be continuously car-
ried out in a lamp annealing device, for example.
[0136] InEmbodiment4, as an electrically conductive
substrate, there is employed a substrate on which an
electrically conductive layer 12 is formed on one surface
of the insulating substrate 11 consisting of a glass sub-
strate. However, a metal substrate made of chrome or
the like may be employed as an electrically conductive
substrate. In addition, there may be employed a semi-
conductor substrate (such as an n-type silicon substrate
whose resistivity is comparatively close to that of a con-
ductor or p-type silicon substrate on which an n-type re-
gion is formed as an electrically conductive layer on one
surface side, for example). As an insulating substrate
11, a ceramic substrate or the like as well as glass sub-
strate can be employed.

[0137] In Embodiment 4, gold is employed as a ma-
terial for the surface electrode 7. However, a material
for the surface electrode 7 is not limited to gold, and
there may be employed aluminum, chrome, tungsten,
nickel, or platinum and the like, for example. In addition,
the surface electrode 7 may be composed of at least
two-layered thin film layer deposited in the thickness di-
rection. In the case where the surface electrode 7 is
composed of a two-layered thin film layer, for example,
gold or the like can be employed as a material for an
upper thin film layer. As a material for a lower thin film
layer (thin film at the drift layer 6 side), for example, there
can be employed chrome, nickel, platinum, titanium, in-
dium or the like.

[0138] In addition, in Embodiment 4, the drift layer 6
is composed of the oxidized porous polycrystalline sili-
con layer. However, the drift layer 6 may be composed
of an oxidized porous single-crystalline silicon or other
oxidized porous semiconductor layer.

(Embodiment 5)

[0139] Hereinafter, Embodiment 5 of the present in-
vention will be described.

[0140] As shown in Fig. 21F, in Embodiment 5, as an
electrically conductive substrate, there is employed a
substrate on which an electrically conductive layer 12
(for example, a metal film such as chrome film, titanium
film, tungsten film and the like, and a number of kinds
of the laminated films of a metal film, or ITO film and the
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like) is provided on one surface of an insulating sub-
strate 11 consisting of a glass substrate. In the case
where there is thus employed a substrate on which the
electrically conductive layer 12 is formed on one surface
side of the insulating substrate 11, it is possible to
achieve a larger area for an electron source and cost
reduction as compared with a case in which a semicon-
ductor substrate is employed as an electrically conduc-
tive substrate.

[0141] A basic configuration of an electron source 10
according to Embodiment 5 is similar to a conventional
electron source 10" shown in Fig. 40. That is, a non-
doped polycrystalline silicon layer 3 is formed on the
electrically conductive layer 12 on the insulating sub-
strate 11. A drift layer 6 consisting of an oxide porous
polycrystalline silicon layer is formed on the polycrystal-
line silicon layer 3. A surface electrode 7 is formed on
the drift layer 6. A material with its small function (for
example, gold) is employed for the surface electrode 7.
The film thickness of the surface electrode 7 is set to
about 10 nm to 15 nm. A structure of the drift layer 6 will
be described later. In the electron source 10 shown in
Fig. 21F, a part of the polycrystalline silicon layer 3 is
interposed between the electrically conductive layer 12
and the drift layer 6. However, the drift layer 6 may be
formed on the electrically conductive layer 12 without
having the polycrystalline silicon layer 3 being inter-
posed.

[0142] A process for emitting an electron from the
electron source 10 is similar to that in the case of the
conventional electron source 10" shown in Fig. 40. That
is, a collector electrode 21 (refer to Fig. 40) is arranged
so as to be opposed to the surface electrode 7, and a
vacuum state is established between the surface elec-
trode 7 and the collector electrode 21. Then, a direct
current voltage Vps is applied between the surface elec-
trode 7 and the electrically conductive layer 12 so that
the surface electrode 7 becomes high in potential (pos-
itive in polarity) relevant to the electrically conductive
layer 12. In addition, a direct current voltage Vc is ap-
plied between the collector electrode 21 and the surface
electrode 7 so that the collector electrode 21 becomes
high in potential relevant to the surface electrode 7. The
direct current voltages Vps and Vc each are properly
set, whereby the electrons injected from the electrically
conductive layer 12 drift in the drift layer 6, and are emit-
ted via the surface electrode 7.

[0143] Hereinafter, a method of manufacturing the
electron source 10 according to Embodiment 5 will be
described with reference to Fig. 21A to Fig. 21F.
[0144] First, on one surface side of an insulating sub-
strate 11, an electrically conductive layer 12 is provided
in accordance with a sputtering technique, thereby form-
ing an electrically conductive substrate, and a structure
shown in Fig. 21Ais obtained. Then, on one surface side
(that is, on an electrically conductive layer 12) of the
electrically conductive substrate, a polycrystalline sili-
con layer 3 of predetermined film thickness (for exam-
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ple, 1.5 um) is formed (film formed) as a layered semi-
conductor layer consisting of polycrystalline silicon that
is a polycrystalline semiconductor, and a structure
shown in Fig. 21B is obtained. As a method of film form-
ing the polycrystalline silicon layer 3, for example, there
may be employed a CVD technique (such as LPCVD
technique, plasma CVD technique, or catalytic CVD
technique, for example), a sputtering technique, or a
CGS (Continuous Grain Silicon) technique. When the
film forming temperature is set to 600°C or less, as an
insulating substrate 11, for example, there can be em-
ployed a comparatively inexpensive glass substrate
such as non-alkali glass substrate, low alkali glass sub-
strate, sodalime glass substrate, and cost reduction can
be achieved.

[0145] After the non-doped polycrystalline silicon lay-
er 3 has been formed, the polycrystalline silicon layer 3
is subjected to annealing at a predetermined time (for
example, 1 hour) at a predetermined annealing temper-
ature (for example, 100°C to 700°C, and desirably
500°C to 600°C) in N, gas that is inert gas. In this man-
ner, the crystalline properties are improved, a defect is
reduced, and a structure shown in Fig. 21C is obtained.
3'in Fig. 21C indicates a polycrystalline silicon layer af-
ter annealed. In Embodiment 5, a polycrystalline silicon
layer 3' after annealed configures a polycrystalline sem-
iconductor layer. Inert gas when annealing the polycrys-
talline silicon layer 3 is not limited to N, gas, and Ar gas
may be employed, for example. The polycrystalline sil-
icon layer 3 may not be annealed in inert gas, and may
be annealed in a vacuum. When annealing is carried out
in inert gas or vacuum, inert impurities can be restricted
from being introduced into the polycrystalline silicon lay-
er 3during annealing. Itis desirable that the temperature
in annealing the polycrystalline silicon layer 3 be set at
a comparatively high temperature considering a heatre-
sistance temperature such as a material for an electri-
cally conductive substrate.

[0146] After annealing has been carried out, a mask
material (not shown) for forming the porous polycrystal-
line silicon layer 4 in a predetermined region only is pro-
vided on the polycrystalline silicon layer 3'. Then, an
anodic oxidization processing vessel containing an
electrolytic solution that consists of a mixture solution
obtained by mixing 55 wt.% of hydrogen fluoride water
solution and ethanol at substantially 1: 1 is prepared.
Then, with a platinum electrode (not shown) being neg-
ative in polarity and the electrically conductive layer 12
being positive in polarity, while light emission is carried
out for the polycrystalline silicon layer 3, anodic oxidiza-
tion processing is carried out under a predetermined
condition. In this manner, a porous polycrystalline silicon
layer 4' is formed. Then, the mask material is removed,
and a structure shown in Fig. 21D is obtained. In the
anodic oxidization processing according to Embodiment
5, the anodic oxidization processing period, the power
of light emitted to the surface of the polycrystalline sili-
con layer 3, and the current density are made constant.
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However, this processing condition may be changed as
required (for example, the current density may be
changed).

[0147] After anodic oxidization processing has termi-
nated, the porous polycrystalline silicon layer 4' is elec-
trochemically oxidized in water solution of 1M of sulfuric
acid (H,SO,), thereby forming a drift layer 6' and a struc-
ture shown in Fig. 21E is obtained. The water solution
and concentration employed for electrochemical oxidi-
zation is not particularly limited. For example, the nitric
acid water solution or the like may be employed.
[0148] After the drift layer 6 has been formed, a sur-
face electrode 7 consisting of an electrically conductive
thin film (for example, gold thin film) is formed on the
drift layer 6 in accordance with a vapor deposition tech-
nique, for example, and an electron source 10 shown in
Fig. 21F is obtained. A method of forming the surface
electrode 7 is not limited to the vapor deposition tech-
nique, and a sputtering technique may be employed, for
example.

[0149] The drift layer 6 of the electron source 10 man-
ufactured by such a manufacturing method is believed
to be composed of: at least, polycrystalline silicon grains
51; thin silicon oxide films 52; silicon nanocrystals 63 of
nano-meter order; and silicon oxide films 64 as in a drift
layer 6" of the conventional electron source shown in
Fig. 39. However, the electron source 10 according to
Embodiment 5 is different from the conventional elec-
tron source in the following point. That is, in the electron
source 10, after annealing the polycrystalline silicon lay-
er 3, the porous polycrystalline silicon layer 4 formed in
accordance with anodic oxidization processing is oxi-
dized, thereby forming the drift layer 6. Thus, a polycrys-
talline silicon layer 3' that is a polycrystalline silicon layer
is formed by annealing the polycrystalline silicon layer
3 that is a layered semiconductor layer.

[0150] In this manner, while the polycrystalline silicon
layer 3' is formed at a comparatively low temperature
(600°C or less), a compound layer or alloy layer con-
sisting of a semiconductor and a metal can be formed
with the crystalline properties of the polycrystalline sili-
con layer 3' being on a critical surface between the poly-
crystalline silicon layer 3 the electrically conductive layer
12. In addition, the polycrystalline silicon layer 3 is al-
most crystallized on the critical surface, and a low re-
sistance can be achieved as compared with the conven-
tional polycrystalline silicon layer 3 formed at a compar-
atively low temperature. As this result, a barrier layer or
high resistance layer between the polycrystalline silicon
layer 3 and the electrically conductive layer 12 can be
reduced. Thus, there can be provided an electron
source 10 capable of improving electron emission effi-
ciency and reliability. In the electron source 10 manu-
factured in accordance with such a manufacturing meth-
od, as in a conventional electron source 10' shown in
Fig. 38, an electron can be constantly emitted while the
dependency of degree of vacuum in electron emission
characteristics is small, and while a popping phenome-
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non is not generated during electron emission.

[0151] Fig. 22A to Fig. 22C each show a result ob-
tained when electron emission characteristics (such as
emission current le or electron emission efficiency) have
been measured with respect to the electron source 10
manufactured in accordance with the conventional elec-
tron source 10" (refer to Fig. 40) and the electron source
manufactured in accordance with the manufacturing
method according to Embodiment 5. Fig. 22A shows a
measurement result of the conventional electron source
10" (Conventional example: No annealing). Fig. 22B
shows a measurement result of the electron source 10
according to Embodiment 5 when an annealing temper-
ature is set to 500°C (Embodiment 1). Fig. 22C shows
a measurement result of the electron source 10 accord-
ing to Embodiment 5 when an annealing temperature is
set to 550°C (Embodiment 2).

[0152] The horizontal axis of Fig. 22A to Fig. 22C in-
dicates the direct current voltage Vps, and the vertical
axis on the left side indicates the current density. "o" in-
dicates the current density of the diode current Ips, and
"B" indicates the current density of the emission current
le. In addition, the vertical axis on the left side of Fig.
22A to Fig. 22C each indicates the electron emission
efficiency. "y" indicates electron the emission efficiency.
The direct current voltage Vc is 100V which is constant.
The electron emission efficiency is a value obtained as
(le / Ips) x 100 [%]. In any of the prior art, Example 1
and Example 2, the polycrystalline silicon layer 3 was
deposited on the electron conductive substrate in ac-
cordance with a plasma CVD technique.

[0153] Referring to Fig. 22A to Fig. 22C, in Examples
1 and 2 in which annealing was carried out, it is found
that the emission current le and electron emission effi-
ciency is significantly improved as compared with the
prior art in which no annealing was carried out. In addi-
tion, in comparing Example 1 with Example 2, it is found
that Example 2 in which an annealing temperature is
high is improved as compared with Example 1 in both
of emission current le and electron emission efficiency.
[0154] In the above-described manufacturing meth-
od, a layered semiconductor layer is composed of the
polycrystalline silicon layer 3 consisting of polycrystal-
line silicon. However, such a layered semiconductor lay-
er may be composed of a semiconductor nanocrystal
such as silicon nanocrystal, for example. In this case,
after forming a layered semiconductor layer consisting
of a silicon nanocrystal, the semiconductor layer is poly-
crystallized by annealing, whereby the polycrystalline
silicon layer 3' may be formed.

[0155] In Embodiment5, as an electrically conductive
substrate, there is employed a substrate on which an
electrically conductive layer 12 is formed on one surface
of an insulating substrate 11 consisting of a glass sub-
strate. However, as an electrically conductive substrate,
a metal substrate made of chrome or the like may be
employed. Alternatively, there may be employed a sem-
iconductor substrate (for example, n-type silicon sub-



43

strate layer whose resistivity is comparatively close to
that of a conductor or p-type silicon on which n-type re-
gion is formed as an electrically conductive layer on one
surface side). As an insulating substrate 11, a ceramic
substrate or the like as well as a glass substrate can be
employed.

[0156] In Embodiment 5, gold is employed as a ma-
terial for the surface electrode 7. However, the material
for the surface electrode 7 is not limited to gold, and alu-
minum, chrome, tungsten, nickel, platinum or the like
may be employed, for example.

[0157] In addition, the surface electrode 7 may be
composed of at least two-layered thin film layer depos-
ited in the thickness direction. In this case, gold or the
like, for example, can be employed as a material for an
upper thin film layer. Chrome, nickel, platinum, titanium,
or indium and the like can be employed as a material for
a lower thin film layer (thin film layer on the drift layer 6
side).

[0158] In Embodiment 5, the drift layer 6 is composed
of an oxide porous polycrystalline silicon layer. Howev-
er, the drift layer 6 may be composed of the other oxide
porous polycrystalline semiconductor layer.

(Embodiment 6)

[0159] Hereinafter, Embodiment 6 of the present in-
vention will be described.

[0160] As shown in Fig. 23, in an electron source 10
according to Embodiment 6, as an electrically conduc-
tive substrate, there is employed a single-crystalline n-
type silicon substrate 1 whose resistivity is comparative-
ly close to a resistivity of a conductor (for example, a
(100) substrate whose resistivity is 0.01 Q cm to 0.02 Q
cm).

[0161] In this electron source 10, a drift layer 6 con-
sisting of an oxide porous polycrystalline silicon layer is
formed on a main surface side of an n-type silicon sub-
strate 1. A surface electrode 7 is formed on the drift layer
6. An ohmic electrode 2 is formed on the back surface
of the n-type silicon substrate 1. A lower electrode 12 is
composed of the n-type silicon substrate 1 and ohmic
electrode 2. Therefore, the surface electrode 7 is op-
posed to the lower electrode 12, and the drift layer 6 is
interposed between the lower electrode 12 and the sur-
face electrode 7.

[0162] The surface electrode 7 may be formed of met-
al films and laminated films of these metal films, each
of which consists of a chemically stable metal with its
small work function and high oxidization resistance such
as gold (Au), platinum (Pt), or chrome (Cr), for example.
The thickness of the surface electrode 7 may be set in
the range of about 3 nm to 15 nm.

[0163] The configuration and function of the drift layer
6 is similar to those of Embodiment 1. That is, the drift
layer 6 is composed of, at least, grains 51, silicon oxide
films 52, a number of silicon nanocrystals 63, and a
number of silicon oxide films 64 (refer to Fig. 1). In ad-
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dition, in the drift layer 6, the surface of each grain is
made porous, and a crystalline state is maintained at
the center portion of each grain. Each grain 51 extends
in the thickness direction of the lower electrode 12. In
addition, a detailed description of the insulating films 52
and 64 will be given when a description of a manufac-
turing method which will be described later is given.
[0164] As shown in Fig. 24, in an electron source 10
according to Embodiment 6 as well, it is believed that
electron emission occurs in a model similar to a case of
the electron source 10 according to Embodiment 1 or
Embodiment 3. That is, the direct current voltage Vps is
applied between the surface electrode 7 and the lower
electrode 12, and the direct current voltage Vcis applied
between the collector electrode 21 (for example, a trans-
parent electrically conductive film such as ITO film) and
the surface electrode 7 with the collector electrode 21
being positive in polarity, whereby the electrons "e-" in-
jected from the lower electrode 12 into the drift layer 6
in accordance with thermal excitation drift, tunnel the
surface electrode 7, and are emitted into the vacuum.
[0165] Hereinafter, a method of manufacturing the
electron source 10 according to Embodiment 6 will be
described with reference to Fig. 25A to Fig. 25D.
[0166] First, an ohmic electrode 2 is formed on the
back surface of an n-type silicon substrate 1. Then, the
film forming step of forming a non-doped polycrystalline
silicon layer 3 as a semiconductor layer on a main sur-
face (one surface) of the n-type silicon substrate 1 is
carried out, and a structure shown in Fig. 25A is ob-
tained. As a method of film forming the polycrystalline
silicon layer 3, for example, there may be employed a
CVD technique (such as LPCVD technique, plasma
CVD technique, or catalytic CVD technique, for exam-
ple), a sputtering technique, or a CGS (Continuous
Grain Silicon) technique or the like.

[0167] After the non-doped polycrystalline silicon lay-
er 3 has been formed, the polycrystalline silicon layer 3
is made porous in accordance with the anode oxidiza-
tion processing step. In this manner, a porous polycrys-
talline silicon layer 4 that is a porous semiconductor lay-
er is formed, and a structure shown in Fig. 25B is ob-
tained. The porous polycrystalline silicon layer 4 formed
by the anode oxidization processing step contains a
number of grains 51 of polycrystalline silicon (refer to
Fig. 1) and a number of silicon nanocrystals 63 (refer to
Fig. 1). In the anodic oxidization processing step, there
is employed an anodic oxidization processing vessel
that contains an electrolytic solution consisting of a mix-
ture solution obtained by mixing 55 wt.% of hydrogen
fluoride water solution and ethanol at substantially 1 : 1.
Then, while light emission is carried out on the surface
of the polycrystalline silicon layer 3 by a light source con-
sisting of a 500W tungsten lamp, a current is supplied
between the lower electrode 12 and a cathode consist-
ing of a platinum electrode. In this manner, the polycrys-
talline silicon layer 3 is made porous to a predetermined
depth from the main surface (in Embodiment 6, although
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this layer is set a depth which does not reach the lower
electrode 12, it may be set to a depth which reaches the
lower electrode 12).

[0168] After the anodic oxidization processing step
has terminated, rinsing is carried out using ethanol.
Then, the insulating film forming step of forming the in-
sulating films 52 and 64 on the surface of each grain 51
and each silicon nanocrystal 63 contained in the porous
polycrystalline silicon layer 4 is carried out. In this man-
ner, a drift layer 6 containing the grains 51, silicon na-
nocrystals 63, and the insulating films 52 and 64 is
formed, and a structure shown in Fig. 25C is obtained.
The insulating film forming step will be described later.
[0169] After the drift layer 6 has been formed, the sur-
face electrode 7 consisting of a metal layer (for example,
gold) is formed in accordance with a vapor deposition
technique, and a electron source 10 with its structure
shown in Fig. 25D is obtained. In Embodiment 6, the
surface electrode 7 is formed in accordance with the va-
por deposition technique. However, a method of forming
the surface electrode 7 is not limited to the vapor depo-
sition technique, and a sputtering technical may be em-
ployed, for example.

[0170] In the insulating film forming step, oxidization
processing and nitriding processing are carried out. In
the oxidization processing, an oxide film (silicon oxide
film) with film thickness to an extent such that an elec-
tron tunneling phenomenon occurs on the surface of
each silicon nanocrystal 63 (thin film that is smaller than
the crystalline particle size of the silicon nanocrystal 63)
is formed in accordance with processing capable of re-
stricting an occurrence of the damage to each silicon
nanocrystal 63. In nitriding processing, the film quality
of each oxide film (silicon oxide film) is improved in ac-
cordance with processing capable of restricting an oc-
currence of the damage to each silicon nanocrystal 63.
[0171] The oxidization processing consists of the ox-
idizing step of forming an oxide film with film thickness
to an extent such that an electron tunneling phenome-
non occurs on the surface of each silicon nanocrystal
63 at a heat treatment time (hereinafter, referred to as
"first predetermined heat treatment time") capable of re-
stricting an occurrence of the damage to each silicon
nanocrystal 63 in accordance with the rapid thermal ox-
idization technique. In this oxidizing step, by employing
a lamp annealing device, for example, in oxygen gas
atmosphere, oxidization is carried out at a first prede-
termined heat treatment temperature (for example,
900°C) by the first predetermined heat treatment time
(forexample, 5 minutes). Thatis, the first predetermined
heat treatment time is remarkably reduced as compared
with a predetermined heat treatment time (1 hour) in ac-
cordance with the oxidizing step using the conventional
rapid heat oxidization technique. It is verified that the
first predetermined heat treatment time is desirable set
within 5 minutes from a measurement result of electron
emission characteristics of the manufactured electron
source 10. However, the temperature rise velocity of a
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temperature rise period in which a substrate tempera-
ture is risen to the first predetermined heat treatment
temperature is set to 20°C / sec or more, and desirably
to 150°C / sec or more.

[0172] The nitriding processing consists of the nitrid-
ing step of nitriding each oxide film at a heat treatment
time (hereinafter, referred to as "second predetermined
heat treatment time") capable of restricting an occur-
rence of the damage to each silicon nanocrystal 63 in
accordance with the rapid heat nitriding technique. In
this nitriding step, by employing a lamp annealing de-
vice, for example, in N,O gas atmosphere, nitriding is
carried out at a second predetermined heat treatment
temperature (for example, 900°C) for a second prede-
termined heat treatment time (for example, 5 minutes).
It is verified that the second predetermined heat treat-
ment time is desirably set within 5 minutes from a meas-
urement result of electron emission characteristics of
the manufactured electron source 10. However, the
temperature rise temperature of the temperature rise
period in which a substrate temperature is risen to the
second specified heat treatment temperature is set to
20°C / sec or more, desirably to 150°C / sec or more. In
Embodiment 6, N,O gas is employed in the nitriding
step, and thus, oxidization advances at the same time
when each oxide film is nitride. As a result, the insulating
films 52 and 64 each are provided as an oxi-nitride film
(silicon oxi-nitride film). The gas employed in the nitrid-
ing step is not limited to N,O gas, and a gas containing
NO gas, NH; gas, or N, gas may be employed, for ex-
ample.

[0173] According to this manufacturing method, in the
insulating film forming step of forming the insulating
films 52 and 64, an oxide film with film thickness to an
extent such that an electron tunneling phenomenon oc-
curs on the surface of each silicon nanocrystal 63 in ac-
cordance with processing capable of restricting an oc-
currence of the damage to each silicon nanocrystal 63.
In addition, an oxide film is formed on the surface of the
grain 51, and each oxide film is nitride in accordance
with processing capable of restricting an occurrence of
the damage to each silicon nanocrystal 63, thereby im-
proving the film quality. Thus, the stability with an elapse
of time, of the electron emission characteristics, is im-
proved as compared with the case in which the insulat-
ing films 52 and 64 each are formed within a compara-
tively long heat treatment time (for example, 1 hour) in
accordance with the rapid thermal oxidization technique
as in the prior art. Moreover, the heat treatment time at
a high temperature caused by forming the insulating
films 52 and 64 can be reduced. Thus, in the case where
the lower electrode 12 is formed on the insulating sub-
strate 11 such as a glass substrate as in the convention-
al electron source 10" shown in Fig. 40, it becomes pos-
sible to employ as a glass substrate a non-alkali glass
substrate which is comparatively inexpensive as com-
pared with a quartz glass or a glass substrate with its
comparatively low heat resistance temperature such as
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low alkali glass substrate, and cost reduction can be
achieved. In Embodiment 6, oxidization processing and
nitriding processing can be carried out in the same de-
vice, thus making it possible to prevent impurities from
adhering between the oxidization processing and the ni-
triding processing.

[0174] Fig. 26 and Fig. 27 each show a result obtained
by measuring electron emission characteristics of the
electron source 10 manufactured in accordance with the
above-described manufacturing method and a change
with an elapse of time, of electron emission character-
istics.

[0175] Fig. 28 and Fig. 29 show aresult by measuring:
the electron emission characteristics of an electron
source according to Comparative Example 1 in which a
heat treatment temperature is set to 900°C by employ-
ing only the rapid thermal nitriding technique in the in-
sulating film forming step, and the heat treatment time
is set to 5 minutes; and the change with an elapse of
time, of electron emission characteristics.

[0176] Fig. 30 and Fig. 31 each show a result by
measuring: the electron emission characteristics of an
electron source according to Comparative Example 2 in
which a heat treatment temperature is set to 900°C by
employing only the rapid thermal nitriding technique in
the insulating film forming step, and a heat treatment
time is set to 60 minutes; and a change with an elapse
of time, of electron emission characteristics.

[0177] Measurement of the electron emission charac-
teristics of the electron source 10 and the electron
sources according to Comparative Examples 1 and 2
were carried out as follows. That is, the electron source
10 and the electron sources according to Comparative
Examples 1 and 2 were introduced into a vacuum cham-
ber (not shown). Then, as shown in Fig. 38, a collector
electrode 21 was disposed in opposite to the surface
electrode 7. Further, the direct current voltage Vps was
applied with the surface electrode 7 being high in poten-
tial relevant to the lower electrode 12, and the direct cur-
rent voltage Vc was applied with the collector electrode
21 being high in potential relevant to the surface elec-
trode 7.

[0178] Fig. 26, Fig. 28 and Fig. 30 show a measure-
ment result of electron emission characteristics when
the direct current voltage Vc is constant at 100 V, and
the degree of vacuum in the vacuum chamber is set to
5 x 103 Pa. In these figures each, the horizontal axis
indicates a direct current voltage Vps, and the vertical
axis indicates the current density. "P" indicates the cur-
rent density of the diode current Ips, and "Q" indicates
the current density of the emission current le.

[0179] Fig. 27, Fig. 29 and Fig. 31 show a measure-
ment result of electron emission characteristics when
the direct current voltage Vc is constant at 100 V, and
the degree of vacuum in the vacuum chamber is set to
5 X 105 Pa. In these figures each, the horizontal axis
indicates an elapse of time from the start of driving, the
vertical axis on the left side indicates the current density,
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and the vertical axis on the right side indicates the elec-
tron emission efficiency. "P" indicates the current den-
sity of the diode current Ips, "Q" indicates the current
density of the emission current le, and "R" indicates the
electron emission efficiency. However, Fig. 27 shows a
measurement result when the direct current voltage Vps
is constant at 15V. Fig. 29 shows a measurement result
when the direct current voltage is constant at 11V. Fig.
31 shows a measurement result when the direct current
voltage Vps is constant at 15V.

[0180] Referring to Fig. 26 to Fig. 31, in the electron
source 10 according to Embodiment 6, it is found that
the stability with an elapse of time, of the electron emis-
sion characteristics is improved as compared with the
electron sources according to Comparative Examples 1
and 2.

[0181] In Embodiment 6, the lower electrode 12 is
composed of the n-type silicon substrate 1 and ohmic
electrode 2. However, the lower electrode 12 consisting
of a metal material or densely doped polycrystalline sil-
icon layer may be formed on one surface side of an in-
sulating substrate (such as glass substrate or ceramic
substrate, for example). In addition, a part of the surface
side of the n-type silicon substrate 1 is made porous in
accordance with the anode oxidization processing step,
whereby a porous silicon layer that is a porous semicon-
ductor layer is formed so as to carry out the insulating
film forming step for this porous silicon layer.

(Embodiment 7)

[0182] Hereinafter, Embodiment 7 of the present in-
vention will be described. A method of manufacturing
an electron source according to Embodiment 7 is merely
different from that according to Embodiment 6 in the in-
sulating film forming step. Thus, the insulating film form-
ing step will be primarily described. In Embodiment 7 as
well, as in Embodiment 6, oxidization processing and
nitriding processing are carried out in the insulating film
forming step.

[0183] The oxidization processing in Embodiment 7
consists of the oxidizing step and annealing step. In the
oxidizing step, an oxide film is formed on the surface of
each silicon nanocrystal 63 in accordance with an elec-
trochemical method. The annealing step is carried out
after the oxidizing step, and each oxide film is annealed.
[0184] Specifically, in the oxidizing step, after the end
of the anodic oxidization processing step, rinsing using
ethanol is carried out. Then, an electrochemical method
of applying a constant voltage between the lower elec-
trode 12 and a cathode consisting of a platinum elec-
trode by employing a processing vessel that contains a
sulfuric acid water solution of a predetermined concen-
tration (for example, 1 mol / 1 = 1 M) is utilized. In this
manner, an oxide film with film thickness to an extent
such that an electron tunneling phenomenon occurs is
formed on the surface of each grain 51 and each silicon
nanocrystal 63. An electrolytic solution employed in the
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oxidizing step is not limited to a sulfuric acid water so-
lution, and a sulfuric acid water solution or aqua regia
and the like may be employed, for example. Alternative-
ly, an electrolytic solution obtained by dissolving a solute
in an organic solvent may be employed.

[0185] Inthe annealing step, for example, by employ-
ing a lamp annealing device (a general furnace is also
available), in N,O gas atmosphere, annealing is carried
out at a predetermined annealing temperature (for ex-
ample, 450°C) for a predetermined annealing time (for
example, 1 hour). The annealing temperature may be
set to 700°C or less, and it is preferable that the tem-
perature be set to 600°C or less. According to the elec-
trochemical method, an oxide film can be formed at
room temperature. Thus, the annealing temperature is
set to 700°C or less, whereby heat treatment at a high
temperature in the oxidizing step (for example, 900°C
or less) can be eliminated as compared with Embodi-
ment 6. In addition, the annealing temperature is set to
700°C or less, whereby, in the case where the lower
electrode 12 is formed on the insulating substrate 11
such as glass substrate as in the conventional electron
source 10" shown in Fig. 40, an effect of the oxidizing
step on the glass substrate can be eliminated.

[0186] The nitriding processing consists of the nitrid-
ing step of nitriding each oxide film at a heat treatment
time capable of restricting an occurrence of the damage
to each silicon nanocrystal 63 (hereinafter, referred to
as second predetermined heat treatment time as in Em-
bodiment 1). In the nitriding step, by employing a lamp
annealing device, for example, in N,O gas atmosphere,
nitriding is carried out at a second predetermined heat
treatment temperature (for example, 900°C) for a pre-
determined heat treatment time (for example, 5 min-
utes). It is verified that the second predetermined heat
treatment time be desirably set within 5 minutes from a
measurement result of electron emission characteristics
of the manufactured electron source 10. However, the
temperature rise velocity at which the substrate temper-
ature is risen to the second predetermined heat treat-
ment temperature is set to 20°C or more, desirably
150°C or more. In Embodiment 7, N,O gas is employed
in the nitriding step, and thus, oxidization advances at
the same time when each oxide film is nitride. As a re-
sult, the insulating films 52 and 64 each are provided as
oxi-nitride films (silicon oxi-nitride films). The gas em-
ployed in the nitriding step is not limited to N,O gas, and
a gas containing nitrogen such as NO gas, NH; gas, or
N, gas, for example, may be employed.

[0187] With a method of manufacturing the electron
source 10 according to Embodiment 7, an operation /
advantageous effect similar to that of Embodiment 6 is
obtained. That is, in this manufacturing method, in the
insulating film forming step, an oxide film with film thick-
ness to an extent such that an electron tunneling phe-
nomenon occurs is formed on the surface of each silicon
nanocrystal 63 in accordance with processing capable
of restricting an occurrence of the damage to each sili-
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con nanocrystal 63. In addition, an oxide film is formed
on the surface of each of the grains 51, nitriding each
oxide film in accordance with processing capable of re-
stricting an occurrence of the damage to each silicon
nanocrystal 63, and the film quality is improved. Thus,
unlike the conventional electron source, the stability with
an elapse of time, of the electron emission characteris-
tics, is improved as compared with a case in which the
insulating films 52 and 64 each are formed at a compar-
atively long heat treatment time (for example, 1 hour) in
accordance with the rapid heat oxidization technique.
Moreover, the heat treatment time at a high temperature
caused by forming the insulating films 52 and 64 each
can be reduced. Thus, in the case where the lower elec-
trode 12 is formed on the insulating substrate 11 such
as a glass substrate as in the conventional electron
source 10" shown in Fig. 40, it becomes possible to em-
ploy a comparatively inexpensive non-alkali glass sub-
strate or low alkali glass substrate or the like as a glass
substrate, and cost reduction can be achieved. In addi-
tion, the heat treatment time at a high temperature (for
example, 900°C) in the insulating film forming step can
be reduced more remarkably as compared with Embod-
iment 1. Further, each silicon nanocrystal 63 is formed
in accordance with a wet type anodic oxidization
processing, thus making it possible to form an oxide film
on the surface of each silicon nanocrystal 63 and each
grain 51 in the oxidizing step without exposing the oxide
film to the air after the anodic oxidization processing.
Thus, a natural oxide film can be prevented from being
formed on the surface of each silicon nanocrystal 63 and
grain 51. This makes it possible to form a good quality
oxide film on the surface of each silicon nanocrystal 63
and each grain 51 in the oxidizing step.

[0188] Fig.32andFig. 33 each show aresult obtained
by measuring: the electron emission characteristics of
the electron source 10 manufactured in the manufactur-
ing method according to Embodiment 7; and a change
with an elapse of time, of the electron emission charac-
teristics.

[0189] Measurement of the electron emission charac-
teristics of the electron source 10 according to Embod-
iment 7 were carried out as follows. That is, the electron
source 10 was introduced into a vacuum chamber (not
shown). Then, as shown in Fig. 38, a collector electrode
21 was disposed in opposite to the surface electrode 7.
Further, a direct current voltage Vps was applied with
the surface electrode 7 being high in potential relevant
to the lower electrode 12, and a direct current voltage
Vc was applied with the collector electrode 21 being high
in potential relevant to the surface electrode 7.

[0190] Fig. 32 shows a measurement result of elec-
tron emission characteristics when the direct current
voltage Vc is constant at 100 V, and the degree of vac-
uum in the vacuum chamber is set to 5 x 105 Pa. In
these figures each, the horizontal axis indicates the di-
rect current voltage Vps, and the vertical axis indicates
the current density. "P" indicates the current density of
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the diode current Ips, and "Q" indicates the current den-
sity of the emission current le.

[0191] Fig. 33 shows a measurement result of elec-
tron emission characteristics when the direct current
voltage Vc is constant at 100 V, and the degree of vac-
uum in the vacuum chamber is set to 5 X 105 Pa. In
Fig. 33, the horizontal axis h indicates the elapse of time
from the start of driving, the vertical axis on the left side
indicates the current density, and the vertical axis on the
right side indicates the electron emission efficiency. "P"
indicates the current density of the diode current Ips, "Q"
indicates the current density of the emission current le,
and "R" indicates the electron emission efficiency.
[0192] Referring to Fig. 32 and Fig. 33 and Fig. 28 to
Fig. 31 each showing a measurement result concerning
Comparative Examples 1 and 2 described in Embodi-
ment 6, in the electron source 10 according to Embod-
iment 7, it is found that the stability with an elapse of
time, of the electron emission characteristics, is im-
proved as compared with the electron source according
to Comparative Examples 1 and 2 each.

(Embodiment 8)

[0193] Hereinafter, Embodiment 8 of the present in-
vention will be described. A method of measuring an
electron source according to Embodiment 8 is merely
different from that according to Embodiment 6 in the in-
sulating film forming step. Thus, the insulating film form-
ing step will be primarily described. In Embodiment 8 as
well, as in Embodiment 6, oxidization processing and
nitriding processing are carried out in the insulating film
forming step.

[0194] The oxidization processing in Embodiment 8
consists of the first oxidizing step, annealing step, and
the second oxidizing step. In the first oxidizing step, an
oxide film is formed on the surface of each silicon na-
nocrystal 63 in accordance with an electrochemical
method. The annealing step is carried out after the first
oxidizing step, and each oxide filmis annealed. The sec-
ond oxidizing step is carried out after the annealing step,
and each oxide film is oxidized furthermore at a heat
treatment time capable of restricting an occurrence of
the damage to each silicon nanocrystal 63 in accord-
ance with the rapid heat oxidization technique.

[0195] Specifically, in the oxidizing step, after the end
of the anodic oxidization processing step, rinsing using
ethanol is carried out. Then, an electrochemical method
of applying a constant voltage between the lower elec-
trode 12 and a cathode consisting of a platinum elec-
trode by employing a processing vessel that contains a
sulfuric acid water solution of a predetermined concen-
tration (for example, 1 mol/ 1 =1 M) is utilized. In this
manner, an oxide film with film thickness to an extent
such that an electron tunneling phenomenon occurs is
formed on the surface of each grain 51 and each silicon
nanocrystal 63. An electrolytic solution employed in the
oxidizing step is not limited to a sulfuric acid water so-
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lution, and a sulfuric acid water solution or aqua regia
and the like may be employed, for example. Alternative-
ly, an electrolytic solution obtained by dissolving a solute
in an organic solvent may be employed.

[0196] Inthe annealing step, for example, by employ-
ing a lamp annealing device (a general furnace is avail-
able), in N,O gas atmosphere, annealing is carried out
ata predetermined annealing temperature (for example,
450°C) for a predetermined annealing time (for exam-
ple, 1 hour). The annealing temperature may be set to
700°C or less, and it is preferable that the temperature
be set to 600°C or less. The annealing temperature is
set to 700°C or less, whereby, in the case where the
lower electrode 12 is formed on the insulating substrate
11 such as glass substrate as in the conventional elec-
tron source 10" shown in Fig. 40, an effect of the oxidiz-
ing step on the glass substrate can be eliminated.
[0197] In the second oxidizing step, by employing a
lamp annealing device, for example, in oxygen gas at-
mosphere, oxidization is carried out at a first determined
heat treatment temperature (for example, 900°C) for a
first predetermined heat treatment time (for example, 5
minutes). The first predetermined heat treatment time is
reduced remarkably as compared with a predetermined
heat treatment time (1 hour) in the oxidizing step using
the conventional rapid thermal oxidization technique. It
is verified that the first predetermined heat treatment
time is desirably set within 5 minutes from a measure-
ment result of the electron emission characteristics of
the manufactured electron source 10. However, a tem-
perature rise velocity during a temperature rise period
in which a substrate temperature is risen to the first pre-
determined heat treatment temperature is set to 20°C /
sec or more, and desirably to 150°C / sec or more.
[0198] The nitriding processing consists of the nitrid-
ing step of nitriding each oxide film at a heat treatment
time (that is, "second predetermined heat treatment
time") capable of restricting an occurrence of the dam-
age to each silicon nanocrystal 63 in accordance with
the rapid heat nitriding technique. In this nitriding step,
by employing a lamp annealing device, for example, in
N,O gas atmosphere, nitriding is carried out at a second
predetermined heat treatment temperature (for exam-
ple, 900°C for a second predetermined heat treatment
time (for example, 5 minutes). It is verified that the sec-
ond predetermined heat treatment time is desirably set
within 5 minutes from a measurement result of electron
emission characteristics of the manufactured electron
source 10. However, the temperature rise temperature
of the temperature rise period in which a substrate tem-
perature is risen to the second specified heat treatment
temperature is set to 20°C / sec or more, desirably to
150°C / sec or more. In Embodiment 8, N,O gas is em-
ployed in the nitriding step, and thus, oxidization ad-
vances at the same time when each oxide film is nitride.
As a result, the insulating films 52 and 64 each are pro-
vided as an oxi-nitride film (silicon oxi-nitride film). The
gas employed in the nitriding step is not limited to N,O
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gas, and a gas containing NO gas, NH3 gas, or N, gas
may be employed, for example.

[0199] With a manufacturing method according to
Embodiment 8, an operation / advantageous effect sim-
ilar to that of Embodiment 6 is obtained. That is, in the
insulating film forming step, an oxide film with film thick-
ness to an extent such that an electron tunneling phe-
nomenon occurs on the surface of each silicon nanoc-
rystal 63 in accordance with processing capable of re-
stricting an occurrence of the damage to each silicon
nanocrystal 63, and an oxide film is formed on the sur-
face of each of the grains 51. Then, each oxide film is
nitride in accordance with processing capable of restrict-
ing an occurrence of the damage to each silicon nanoc-
rystal 63, thereby improving the film thickness. Thus, the
stability with an elapse of time, of the electron emission
characteristics, is improved as compared with a case in
which the insulating films 52 and 64 each are formed
within a comparatively long heat treatment time (for ex-
ample, 1 hour) in accordance with the rapid thermal ox-
idization technique as in the prior art. Moreover, the heat
treatment time at a high temperature caused by forming
of the insulating films 52 and 64 each can be reduced.
Thus, in the case where the lower electrode 12 is formed
on the insulating substrate 11 such as glass substrate
as in the conventional electron source 10" shown in Fig.
40, it becomes possible to employ a comparatively in-
expensive non-alkali glass substrate or a low alkali glass
substrate as a glass substrate, and cost reduction can
be achieved. In addition, a defect in the insulating films
52 and 64 each can be reduced as compared with the
manufacturing method according to Embodiment 7, and
the electron emission characteristics can be improved.
In addition, each silicon nanocrystal 63 is formed in ac-
cordance with wet type anode oxidization processing,
thus making it possible to form an oxide film on the sur-
face of each silicon nanocrystal 63 and each grain 51 in
the first oxidizing step without exposing the oxide film to
the air after the anodic oxidization processing. Thus, a
natural oxide film can be prevented from being formed
on the surface of each silicon nanocrystal 63 and grain
51. Therefore, it becomes possible to form a good qual-
ity oxide film on the surface of each silicon nanocrystal
63 and each grain 51 in the first oxidizing step.

(Embodiment 9)

[0200] Hereinafter, Embodiment 9 of the present in-
vention will be described. A method of manufacturing
an electron source according to Embodiment 9 is merely
different from that according to Embodiment 6 in the in-
sulating film forming step. Hereinafter, the insulating film
forming step will be principally described. In Embodi-
ment 9 as well, as in Embodiment 6, oxidization
processing and annealing processing are carried out in
the insulating film forming step.

[0201] The oxidization processing in Embodiment 9
consists of the oxidizing step of forming an oxide film on
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the surface of each silicon nanocrystal 63 in accordance
with an electrochemical method. In the oxidizing step,
rinsing using ethanol is carried out after the end of the
anodic processing step. Then, there is utilized an elec-
trochemical method of applying a constant voltage be-
tween the lower electrode 12 and a cathode consisting
of a platinum electrode by employing a processing ves-
sel that contains a sulfuric acid water solution of a pre-
determined concentration (for example, 1 mol/1 =1 M).
In this manner, an oxide film of film thickness to an extent
such that an electron tunneling phenomenon occurs is
formed on the surface of each grain 51 and each silicon
nanocrystal 63. An electrolytic solution employed in the
oxidizing step is not limited to a sulfuric acid water so-
lution, and a nitric acid water or aqua regia may be em-
ployed, for example. Alternatively, an electrolytic solu-
tion obtained by dissolving a solute in an organic solvent
may be employed.

[0202] Annealing processing consists of the anneal-
ing step of annealing each oxide film in N,O gas atmos-
phere. In the annealing step, for example, by employing
alamp annealing device (a general furnace is also avail-
able), in N,O gas atmosphere, annealing is carried out
at a predetermined annealing temperature (for example,
450°C) for a predetermined annealing time (for exam-
ple, 1 hour). The annealing temperature may be set to
700°C or less, and it is preferable that the temperature
be set to 600°C or less. The annealing temperature is
set to 700°C or less, whereby, in the case where the
lower electrode 12 is formed on the insulating substrate
11 such as glass substrate as in the conventional elec-
tron source 10" shown in Fig. 40, an effect of the anneal-
ing step on the glass substrate can be eliminated.
[0203] With a method of manufacturing the electron
source 10 according to Embodiment 9, an operation /
advantageous effect similar to that of Embodiment 6 is
basically obtained. That is, in the insulating film forming
step, an oxide film with film thickness to an extent such
that an electron tunneling phenomenon occurs is
formed on the surface of each silicon nanocrystal 63 in
accordance with processing capable of restricting an oc-
currence of the damage to each silicon nanocrystal 63,
and an oxide film is formed on the surface of the grain
51. Then, defect compensation for each oxide film is car-
ried out in accordance with processing capable of re-
stricting an occurrence of the damage to each silicon
nanocrystal 63, and the film quality is improved. Thus,
the stability with an elapse of time, of the electron emis-
sion characteristics, is improved as compared with the
case of forming the insulating films 52 and 64 each with-
in a comparatively long heat treatment time (for exam-
ple, 1 hour) in accordance with the rapid thermal oxidi-
zation technique as in the prior art. Moreover, a heat
treatment time at a high temperature caused by forming
the insulating films 52 and 64 each can be reduced.
Thus, in the case where the lower electrode 12 is formed
on the insulating substrate 11 such as glass substrate
as in the conventional electron source 10" shown in Fig.



55 EP 1320 116 A1

40, it becomes possible to employ a comparatively in-
expensive non-alkali glass substrate or a low alkali glass
substrate and the like as a glass substrate, and cost re-
duction can be achieved. In addition, a defect in the in-
sulating films 52 and 64 each can be reduced as com-
pared with the manufacturing method according to Em-
bodiment 7, and the electron emission characteristics
can be improved. In addition, each silicon nanocrystal
63 is formed in accordance with wet type anode oxidi-
zation processing, thus making it possible to form an ox-
ide film on the surface of each silicon nanocrystal 63
and each grain 51 in the oxidizing step without exposing
the oxide film after the anodic oxidization processing.
Thus, a natural oxide film can be prevented from being
formed on the surface of each silicon nanocrystal 63 and
grain 51. Therefore, it becomes possible to form a good
quality oxide film on the surface of each silicon nanoc-
rystal 63 and each grain 51 in the oxidizing step.

(Embodiment 10)

[0204] Hereinafter, Embodiment 10 of the present in-
vention will be described. A method of manufacturing
an electron source according to Embodiment 10 is
merely different from that according to Embodiment 6 in
the insulating film forming step. Hereinafter, the insulat-
ing film forming step will be principally described. In Em-
bodiment 10 as well, as in Embodiment 6, oxidization
processing and nitriding processing are carried out in
the insulating film forming step.

[0205] The oxidization processing in Embodiment 10
consists of the oxidizing step of forming an oxide film on
the surface of each silicon nanocrystal 63 in accordance
with an electrochemical method. In the first oxidizing
step, rinsing using ethanol is carried out after the end of
the anodic processing step. Then, there is utilized an
electrochemical method of applying a constant voltage
between the lower electrode 12 and a cathode consist-
ing of a platinum electrode by employing a processing
vessel that contains a sulfuric acid water solution of a
predetermined concentration (for example, 1 mol / 1 =
1 M). In this manner, an oxide film of film thickness to
an extent such that an electron tunneling phenomenon
occurs is formed on the surface of each grain 51 and
each silicon nanocrystal 63. An electrolytic solution em-
ployed in the first oxidizing step is not limited to a sulfuric
acid water solution, and a nitric acid water or aqua regia
may be employed, for example. Alternatively, an elec-
trolytic solution obtained by dissolving a solute in an or-
ganic solvent may be employed.

[0206] Inthe annealing step, for example, by employ-
ing a lamp annealing device (a general furnace is also
available), in N,O gas atmosphere, annealing is carried
out at a predetermined annealing temperature (for ex-
ample, 450°C) for a predetermined annealing time (for
example, 1 hour). The annealing temperature may be
set to 700°C or less, and it is preferable that the tem-
perature be set to 600°C or less. The annealing temper-

10

15

20

25

30

35

40

45

50

55

29

56

ature is setto 700°C or less, whereby, in the case where
the lower electrode 12 is formed on the insulating sub-
strate 11 such as glass substrate as in the conventional
electron source 10" shown in Fig. 40, an effect of the
annealing step on the glass substrate can be eliminated.
[0207] The insulating firm forming step in the manu-
facturing method according to Embodiment 10 includes:
the second oxidizing step of further oxidizing each oxide
film within a heat treatment time capable of restricting
an occurrence of the damage to each silicon nanocrystal
63 in accordance with the rapid thermal oxidization tech-
nique after annealing processing; and the nitriding step
of nitriding each oxide film within a heat treatment time
capable of restricting an occurrence of the damage to
each silicon nanocrystal 63 in accordance with the rapid
thermal nitriding technique after the second oxidizing
step.

[0208] In the second oxidizing step, by employing a
lamp annealing device, for example, in oxygen gas at-
mosphere, oxidization is carried out at the first prede-
termined heat treatment temperature (for example,
900°C) by the first predetermined heat treatment time
(forexample, 5 minutes). Thatis, the first predetermined
heat treatment time is remarkably reduced as compared
with a predetermined heat treatment time in accordance
with the oxidizing step using the conventional rapid heat
oxidization technique. It is verified that the first prede-
termined heat treatment time is desirably set within 5
minutes from a measurement result of electron emission
characteristics of the manufactured electron source 10.
However, the temperature rise velocity of a temperature
rise period in which a substrate temperature is risen to
the first predetermined heat treatment temperature is
set to 20°C / sec or more, and desirably to 150°C / sec
or more.

[0209] The nitriding processing consists of the nitrid-
ing step of nitriding each oxide film at a heat treatment
time (that is, "second predetermined heat treatment
time") capable of restricting an occurrence of the dam-
age to each silicon nanocrystal 63 in accordance with
the rapid heat nitriding technique. In this nitriding step,
by employing a lamp annealing device, for example, in
N,O gas atmosphere, nitriding is carried out at the sec-
ond predetermined heat treatment temperature (for ex-
ample, 900°C for the second predetermined heat treat-
ment time (for example, 5 minutes). It is verified that the
second predetermined heat treatment time is desirably
set within 5 minutes from a measurement result of elec-
tron emission characteristics of the manufactured elec-
tron source 10. However, the temperature rise velocity
of the temperature rise period in which a substrate tem-
perature is risen to the second specified heat treatment
temperature is set to 20°C / sec or more, desirably to
150°C / sec or more. In Embodiment 10, N,O gas is em-
ployed in the nitriding step, and thus, oxidization ad-
vances at the same time when each oxide film is nitride.
As aresult, the insulating films 52 and 64 each are pro-
vided as an oxi-nitride film (silicon oxi-nitride film). The
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gas employed in the nitriding step is not limited to N,O
gas, and a gas containing NO gas, NH; gas, or N, gas
may be employed, for example.

[0210] With a method of manufacturing according to
Embodiment 10, an operation / advantageous effect
similar to that of Embodiment 6 is basically obtained.
That is, in the insulating film forming step, an oxide film
with film thickness to an extent such that an electron
tunneling phenomenon occurs is formed on the surface
of each silicon nanocrystal 63 in accordance with
processing capable of restricting an occurrence of the
damage to each silicon nanocrystal 63, and an oxide
film is formed on the surface of the grain 51. Then, each
oxide film is nitrided in accordance with processing ca-
pable of restricting an occurrence of the damage to each
silicon nanocrystal 63, and the film quality is improved.
Thus, the stability with an elapse of time, of the electron
emission characteristics, is improved as compared with
the case of forming the insulating films 52 and 64 each
within a comparatively long heat treatment time (for ex-
ample, 1 hour) in accordance with the rapid thermal ox-
idization technique as in the prior art. Moreover, the heat
treatment time at a high temperature caused by forming
the insulating films 52 and 64 each can be reduced.
Thus, in the case where the lower electrode 12 is formed
on the insulating substrate 11 such as glass substrate
as in the conventional electron source 10" shown in Fig.
40, it becomes possible to employ a comparatively in-
expensive non-alkali glass substrate or a low alkali glass
substrate and the like as a glass substrate, and cost re-
duction can be achieved. In addition, a defect in the in-
sulating films 52 and 64 each can be reduced as com-
pared with the manufacturing method according to Em-
bodiment 7, and the electron emission characteristics
can be improved. In addition, each silicon nanocrystal
63 is formed in accordance with wet type anodic oxidi-
zation processing, thus making it possible to form an ox-
ide film on the surface of each silicon nanocrystal 63
and each grain 51 in the first oxidizing step without ex-
posing the oxide film after the anodic oxidization
processing. Thus, a natural oxide film can be prevented
from being formed on the surface of each silicon nanoc-
rystal 63 and grain 51. Therefore, it becomes possible
to form a good quality oxide film on the surface of each
silicon nanocrystal 63 and each grain 51 in the first ox-
idizing step.

[0211] Fig. 34 and Fig. 35 each show a result obtained
by measuring: electron emission characteristics of the
electron surce 10 manufactured in accordance with the
manufacturing method according to Embodiment 10;
and a change with an elapse of time, of the electron
emission characteristics.

[0212] Measurement of the electron emission charac-
teristics of the electron source 10 were carried out as
follows. That is, the electron source 10 were introduced
into a vacuum chamber (not shown). Then, as shown in
Fig. 38, the collector electrode 21 was disposed in op-
posite to the surface electrode 7. Further, a direct cur-
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rent voltage Vps was applied with the surface electrode
7 being high in potential relevant to the lower electrode
12, and the direct current voltage Vc was applied with
the collector electrode 21 being high in potential relevant
to the surface electrode 7.

[0213] Fig. 34 shows a measurement result of elec-
tron emission characteristics when the direct current
voltage Vc is constant at 100 V, and the degree of vac-
uum in the vacuum chamber is set to 5 x 10-5 Pa. In Fig.
34, the horizontal axis indicates the direct current volt-
age Vps, and the vertical axis indicates the current den-
sity. "P" indicates the current density of the diode current
Ips, and "Q" indicates the current density of the emission
current le.

[0214] Fig. 35 shows a measurement result of a
change with an elapse of time, of electron emission
characteristics when the direct current voltage Vc is con-
stant at 100 V, and the direct current voltage Vps is con-
stant at 15V, and the degree of vacuum in the vacuum
chamber is set to 5 X 105 Pa. In Fig. 35, the horizontal
axis indicates an elapse of time from the start of driving,
the vertical axis on the left side indicates the currentden-
sity, and the vertical axis on the right side indicates the
electron emission efficiency. "P" indicates the current
density of the diode current Ips, "Q" indicates the current
density of the emission current le, and "R" indicates the
electron emission efficiency.

[0215] Referring Fig. 34 and Fig. 35 and Fig. 28 to Fig.
31 each showing a measurement result concerning
Comparative Examples 1 and 2 each described in Em-
bodiment 6, in the electron source 10 according to Em-
bodiment 10, the stability with an elapse of time, of the
electron emission characteristics, is improved as com-
pared with the electron sources according to Compara-
tive Examples 1 and 2.

(Embodiment 11)

[0216] Hereinafter, Embodiment 11 of the present in-
vention will be described. A method of manufacturing
an electron source according to Embodiment 11 is
merely different from that according to Embodiment 6 in
the insulating film forming step. Hereinafter, the insulat-
ing film forming step will be principally described. In Em-
bodiment 11 as well, as in Embodiment 6, oxidization
processing and nitriding processing are carried out in
the insulating film forming step.

[0217] The oxidization processing in Embodiment 11
consists of the first oxidizing step of forming an oxide
film on the surface of each silicon nanocrystal 63 in ac-
cordance with an electrochemical method. In the first ox-
idizing step, rinsing using ethanol is carried out after the
end of the anodic processing step. Then, there is utilized
an electrochemical method of applying a constant volt-
age between the lower electrode 12 and a cathode con-
sisting of a platinum electrode by employing a process-
ing vessel that contains a sulfuric acid water solution of
a predetermined concentration (for example, 1 mol/1 =
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1 M). In this manner, an oxide film of film thickness to
an extent such that an electron tunneling phenomenon
occurs is formed on the surface of each grain 51 and
each silicon nanocrystal 63. An electrolytic solution em-
ployed in the first oxidizing step is not limited to a sulfuric
acid water solution, and a nitric acid water or aqua regia
may be employed, for example. Alternatively, an elec-
trolytic solution obtained by dissolving a solute in an or-
ganic solvent may be employed.

[0218] Nitriding processing includes the annealing
step of annealing each oxide film in N,O gas atmos-
phere, and nitriding step of nitriding each oxide film at a
heat treatment time capable of restricting an occurrence
of the damage to each silicon nanocrystal 63 in accord-
ance with the rapid heat nitriding technique after the an-
nealing step.

[0219] Inthe annealing step, for example, by employ-
ing a lamp annealing device (a general furnace is also
available), in N,O gas atmosphere, annealing is carried
out at a predetermined annealing temperature (for ex-
ample, 450°C) for a predetermined annealing time (for
example, 1 hour). The annealing temperature may be
set to 700°C or less, and it is preferable that the tem-
perature is set to 600°C or less. The annealing temper-
ature is setto 700°C or less, whereby, in the case where
the lower electrode 12 is formed on the insulating sub-
strate 11 such as glass substrate as in the conventional
electron source 10" shown in Fig. 40, an effect of the
annealing step on the glass substrate can be eliminated.
[0220] In the nitriding step, by employing a lamp an-
nealing device, for example, in N,O gas atmosphere,
nitriding is carried out at the second predetermined heat
treatment temperature (for example, 900°C) for the sec-
ond predetermined heat treatment time (for example, 5
minutes). It is verified that the second predetermined
heat treatment time be desirably set within 5 minutes
from a measurement result of electron emission char-
acteristics of the manufactured electron source 10.
However, the temperature rise velocity of a temperature
rise period in which the substrate temperature is risen
to the second predetermined heat treatment tempera-
ture is set to 20°C / sec or more, desirably 150°C / sec
or more. In Embodiment 11, N,O gas is employed in the
nitriding step, and thus, oxidization advances at the
same time when each oxide film is nitride. As a result,
the insulating films 52 and 64 each are provided as oxi-
nitride films (silicon oxi-nitride films). The gas employed
in the nitriding step is not limited to N,O gas, and a gas
containing nitrogen such as NO gas, NH; gas, or N, gas,
for example, may be employed.

[0221] With a method of manufacturing the electron
source 10 according to Embodiment 11, an operation /
advantageous effect similar to that of Embodiment 6 is
obtained. That is, in the insulating film forming step, an
oxide film with film thickness to an extent such that an
electron tunneling phenomenon occurs on the surface
of each silicon nanocrystal 63 in accordance with
processing capable of restricting an occurrence of the
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damage to each silicon nanocrystal 63, and an oxide
film is formed on each of the surface of the grains 51.
Then, each oxide film is nitride in accordance with
processing capable of restricting an occurrence of the
damage to each silicon nanocrystal 63, thereby improv-
ing the film quality. Thus, the stability with an elapse of
time, of the electron emission characteristics, is im-
proved as compared with the case in which the insulat-
ing films 52 and 64 each are formed within a compara-
tively long heat treatment time (for example, 1 hour) in
accordance with the rapid thermal oxidization technique
as in the prior art. Moreover, the heat treatment time at
a high temperature caused by forming of the insulating
films 52 and 64 each can be reduced. Thus, in the case
where the lower electrode 12 is formed on the insulating
substrate 11 such as glass substrate as in the conven-
tional electron source 10" shown in Fig. 40, it becomes
possible to employ a comparatively inexpensive non-al-
kali glass substrate or a low alkali glass substrate as a
glass substrate, and cost reduction can be achieved. In
addition, a defect in the insulating films 52 and 64 each
can be reduced as compared with the manufacturing
method according to Embodiment 7, and the electron
emission characteristics can be improved. In addition,
each silicon nanocrystal 63 is formed in accordance with
wet type anodic oxidization processing, thus making it
possible to form an oxide film on the surface of each
silicon nanocrystal 63 and each grain 51 in the first ox-
idizing step without exposing the oxide film to the air af-
ter the anode oxidization processing. Thus, a natural ox-
ide film can be prevented from being formed on the sur-
face of each silicon nanocrystal 63 and grain 51. There-
fore, it becomes possible to form a good quality oxide
film on the surface of each silicon nanocrystal 63 and
each grain 51 in the first oxidizing step.

(Embodiment 12)

[0222] Hereinafter, Embodiment 12 of the present in-
vention will be described. A method of manufacturing
an electron source according to Embodiment 12 is
merely different from that according to Embodiment 6 in
the insulating form forming step. Hereinafter, the insu-
lating film forming step will be primarily described.

[0223] In the insulating form forming step according
to Embodiment 12, insulating films 52 and 64 each are
formed by repeating the basic step that consists of: ox-
idization processing within a heat treatment time capa-
ble of restricting an occurrence of the damage to each
silicon nanocrystal (semiconductor nanocrystal) 63 in
accordance with a rapid thermal oxidization technique;
and nitriding processing within a heat treatment time ca-
pable of restricting an occurrence of the damage to each
silicon nanocrystal (semiconductor nanocrystal) 63 in
accordance with a rapid thermal nitriding technique after
oxidization processing a plurality of times. In the oxidi-
zation processing, the surface side of each of the silicon
nanocrystals 63 is oxidized, and a film quality is im-
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proved in nitriding processing.

[0224] In the oxidization processing, by employing a
lamp annealing device, for example, in oxygen gas at-
mosphere, oxidization is carried out at the first prede-
termined heat treatment temperature (for example,
900°C) for the first predetermined heat treatment time
(for example, 5 minutes). The first predetermined heat
treatment time is remarkably reduced as compared with
a predetermined heat treatment time (1 hour) in the ox-
idization step in accordance with the conventional rapid
thermal oxidization technique. However, a temperature
rise velocity of a temperature rise period in which a sub-
strate temperature is risen to the first predetermined
heat treatment temperature is set to 20°C / sec or more,
and desirably to 150°C / sec or more.

[0225] The nitriding processing nitrides each oxide
film within a heat treatment time capable of restricting
an occurrence of the damage to each silicon nanocrystal
63 in accordance with a rapid nitriding technique (that
is, a second predetermined heat treatment time). In this
nitriding processing, by employing a lamp annealing de-
vice, for example, in N,O gas atmosphere, nitriding is
carried out at the second predetermined heat treatment
temperature (for example, 900°C) for the second pre-
determined heat treatment time (for example, 5 min-
utes). However, a temperature rise velocity of a temper-
ature rise period in which a substrate temperature is ris-
en to a second predetermined heat treatment tempera-
ture is set to 20°C / sec or more, desirably 150°C / sec
or more. In Embodiment 12, in the nitriding processing,
N,O gas is employed, and thus, oxidization advances
at the same time when each oxide film is nitride. As a
result, the insulating films 52 and 64 each is to be an
oxi-nitride film (silicon oxi-nitride film). The gas em-
ployed during nitriding processing is not limited to N,O
gas, and a gas containing nitrogen such as NO gas, NH3
gas, or N, gas.

[0226] With a method of manufacturing the electron
source 10 according to Embodiment 12, an operation /
advantageous effect similar to that of Embodiment 6 is
basically obtained. That is, the stability with an elapse
of time, of the electron emission characteristics is im-
proved as compared with the case where the insulating
films 52 and 64 each are formed within a comparatively
long heat treatment time (for example, 1 hour) in accord-
ance with the rapid thermal oxidization technique, as in
the prior art. Moreover, the heat treatment time at a high
temperature caused by forming the insulating layers 52
and 64 each can be reduced. Thus, in the case where
the lower electrode 12 is formed on an insulating sub-
strate 11 such as glass substrate, as in the conventional
electron source 10" shown in Fig. 40, it is possible to
employ a non-alkali glass substrate or low alkali glass
substrate and the like as a glass substrate, and cost re-
duction can be achieved. In addition, a defect in the in-
sulating films 52 and 64 each can be reduced, and elec-
tron emission characteristics can be improved, as com-
pared with the manufacturing method according to Em-
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bodiment 7.
(Embodiment 13)

[0227] Hereinafter, Embodiment 13 of the present in-
vention will be described.

[0228] As shown in Fig. 36F, in Embodiment 13, as
an electrically conductive substrate, there is employed
a substrate on which an electrically conductive layer
(such as metal film or ITO film such as chrome film) 12
is provided on one surface of the insulating substrate 11
consisting of a glass substrate. In the case where a sub-
strate having an electrically conductive layer 12 formed
thereon is thus employed on one surface side of the in-
sulating substrate 11, a large area of the electron source
and cost reduction can be achieved as compared with
the case of employing a semiconductor substrate as an
electrically conductive substrate.

[0229] A basic configuration of an electron source 10
according to Embodiment 13 is substantially identical to
a conventional electron source 10" shown in Fig. 40.
That is, a non-doped polycrystalline silicon layer 3 that
is a polycrystalline semiconductor layer is formed on the
electrically conductive layer 12 on the insulating sub-
strate 11. A drift layer 6 consisting of an oxide porous
polycrystalline silicon layer is formed on the polycrystal-
line silicon layer 3. A surface electrode 7 is formed on
the drift layer 6. A material with its small work function
(for example, gold) is employed on the surface electrode
7. The film thickness of the surface electrode 7 is set to
about 3 nm to 15 nm. A structure of the drift layer 6 will
be described later. In the electron source 10 shown in
Fig. 36F, a part of the polycrystalline silicon layer 3 is
interposed between the electrically conductive layer 12
and the drift layer 6. However, the drift layer 6 may be
formed on the electrically conductive layer 12 without
having the polycrystalline silicon layer 3 interposed.
[0230] A process for emitting an electron from the
electron source 10 is similar to the conventional electron
source 10" shown in Fig. 40. That is, by setting the col-
lector electrode 21 facing to the surface electrode 7 (re-
fer to Fig. 40) a vacuum state is established between
the surface electrode 7 and the electrode collector 21.
Then, the direct current voltage Vps is applied between
the surface electrode 7 and the electrically conductive
layer 12 so that the surface electrode 7 becomes high
in potential (positive in polarity) relevant to the electri-
cally conductive layer 12. Further, the direct current volt-
age Vcis applied between the collector electrode 21 and
the surface electrode 7 so that the collector electrode
21 becomes high in potential relevant to the surface
electrode 7. The direct current voltages Vps and Vc
each are set properly, whereby the electrons injected
from the electrically conductive layer 12 drift in the drift
layer 6, and are emitted via the surface electrode 7.
[0231] Hereinafter, a method of manufacturing the
electron source 10 according to Embodiment 13 will be
described with reference to Fig. 36A to Fig. 36F.
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[0232] First, on one surface side of the insulating sub-
strate 11, an electrically conductive layer 12 is provided
in accordance with a sputtering technique, whereby an
electrically conductive substrate is formed, and a struc-
ture shown in Fig. 36A is obtained. Then, on a main sur-
face side of the electrically conductive substrate (on the
electrically conductive layer 12), a polycrystalline silicon
layer 3 is formed which is a semiconductor layer of the
predetermined film thickness (for example, 1.5 um), and
a structure shown in Fig. 36B is obtained. As a method
of film forming the polycrystalline silicon layer 3, for ex-
ample, there may be employed a CVD technique (such
as LPCVD technique, plasma CVD technique, or cata-
lytic CVD technique), a sputtering technique, or a CGS
(Continuous Grain Silicon) technique. By setting the film
forming temperature to 600°C or less, as the insulating
substrate 11, for example, a comparatively inexpensive
glass substrate such as non-alkali glass substrate, low
alkali glass substrate, or soda lime glass substrate can
be employed, and cost reduction can be achieved.
[0233] Next, a mask material (not shown) for forming
a porous polycrystalline silicon layer 4 described later
in only a predetermined region is provided on a poly-
crystalline silicon layer 3. Then, by employing an anodic
oxidization processing vessel that contains an electro-
lytic solution consisting of a mixture solution obtained
by mixing substantially 1 : 1 between 55 wt.% of hydro-
gen fluoride water solution and ethanol, with a platinum
electrode (not shown) being negative in polarity and an
electrically conductive layer 12 being positive in polarity,
while light emission is carried out for the polycrystalline
silicon layer 3, the anodic oxidization processing is car-
ried out under a predetermined condition. In this man-
ner, the porous polycrystalline silicon layer 4 is formed.
Then, a mask material is removed, and a structure
shown in Fig. 36C is obtained. During anodic oxidization
processing of Embodiment 13, the anodic oxidization
processing period, power of light to be emitted on the
surface of the polycrystalline silicon layer 3, and the cur-
rent density are made uniform. However, this process-
ing condition may be changed as required (for example,
a current density may be changed).

[0234] Afterthe anodic oxidization processing has ter-
minated, the porous polycrystalline silicon layer 4 is
electrochemically oxidized in 1 M of sulfuric acid
(H,SO,) water solution, thereby forming the drift layer
6', and a structure shown in Fig. 36D is obtained. The
water solution and concentration employed for electro-
chemical oxidization is not limited in particular, and a
nitric acid water solution or the like may be employed,
for example.

[0235] After the drift layer 6' has been formed, hydro-
gen radicals are emitted onto the top surface on one sur-
face side of an electrically conductive substrate (here,
surface of the drift layer 6'), whereby a defect existing
in the drift layer 6' is made passive, and a structure
shown in Fig. 36E is obtained. 6 in Fig. 36E indicates a
drift layer after hydrogen radical emission. In the hydro-
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gen radical emission step of emitting a hydrogen radical
onto the surface of the drift layer 6', the hydrogen radical
in hydrogen plasma is emitted onto the top surface on
one surface side of the electrically conductive substrate.
Thus, a process temperature of the hydrogen radical
emission step can be lowered (a process temperature
of 600°C or less can be obtained). In addition, a larger
area for the electron source 10 can be easily achieved.
In addition, by applying high frequency or microwave to
hydrogen gas so as to be plasmatic, a general semicon-
ductor manufacturing device capable of generating hy-
drogen plasma can be used, and cost reduction can be
achieved.

[0236] After the hydrogen plasma emission step has
terminated, a surface electrode 7 consisting of an elec-
trically conductive thin film (for example, gold thin film)
is formed on the drift layer 6 in accordance with a vapor
deposition technique, for example, and a electron
source 10 with its structure shown in Fig. 36F is ob-
tained. The method of forming the surface electrode 7
is not limited to the vapor deposition technique, and the
sputtering method may be employed, for example.
[0237] The drift layer 6 of the electron source 10 man-
ufactured in accordance with the above-described man-
ufacturing method is believed to be composed of: at
least, columnar polycrystalline silicon grains 51; thin sil-
icon oxide films 52; silicon nanocrystals 63 of nano-me-
ter order; and silicon oxide films 64. However, in the
electron source 10 according to Embodiment 13, the hy-
drogen radicals are emitted on the surface of the drift
layer 6' formed by oxidizing the porous polycrystalline
silicon layer 4, thereby forming the drift layer 6. Thus, a
defect existing in the drift layer 6' (for example, defect
on the surface of silicon oxide films 52 and 64 or silicon
nanocrystal 63) can be made passive or can be re-
duced. In this manner, the electron source 10 with im-
proved electron emission characteristics and reliability
can be obtained. In the electron source 10 manufac-
tured in accordance with the above-described manufac-
turing method, as in the conventional electron source
10' shown in Fig. 38, the dependency of the degree of
vacuum in electron emission characteristics is small, a
popping phenomenon does not occur during electron
emission, and electrons can be constantly emitted.
[0238] In the method of manufacturing the above-de-
scribed electron source 10, after the porous polycrystal-
line silicon layer 4 is oxidized to form the drift layer 6',
thereby hydrogen plasma emission processing is car-
ried out. However, the hydrogen plasma emission step
may be carried out before the anodic oxidization
processing. Alternatively, the hydrogen plasma emis-
sion step may be carried out after the anodic oxidization
processing. In addition, in annealing processing in hy-
drogen gas as well, as in the above-described hydrogen
radical emission, a defect existing in the drift layer 6' (for
example, defect on the surface of the silicon oxide films
52 and 64 or silicon nanocrystal 63) can be made pas-
sive or can be reduced. The annealing temperature may
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be setto 700°C or less, and it is preferable that the tem-
perature be set to 600°C or less. In addition, even if hy-
drogen gas is 100%, it may be a mixture gas with an-
other gas.

[0239] In the method of manufacturing the above-de-
scribed electron source 10, after the porous polycrystal-
line silicon layer 4 is oxidized to form the drift layer 6',
the hydrogen plasma emission step is carried out. How-
ever, the hydrogen plasma emission step may be car-
ried out before anodic oxidization processing. Alterna-
tively, the hydrogen plasma emission step may be car-
ried out after the anode oxidization processing.

[0240] In addition, in the method of manufacturing the
above-described electron source 10, the hydrogen rad-
ical in the hydrogen plasma is emitted onto the top sur-
face on one surface of the electrically conductive sub-
strate in the hydrogen plasma emission step.

[0241] However, as shown in Fig. 37, the hydrogen
radical generated by utilizing catalytic decomposition re-
action with a catalytic body 42 that consists of hydrogen
gas and tungsten based wire may be emitted onto the
top surface on one surface of the electrically conductive
substrate (surface of the drift layer 6' in a example
shown in Fig. 37). In this case, the catalytic body 42 is
heated at a proper temperature by supplying a current
from a current source (not shown). The electrically con-
ductive substrate is installed on a substrate holder 41,
and the substrate holder 41 is heated at 100°C to 700°C
by a heater (not shown) as required. However, in the
case where, as an electrically conductive substrate,
there is employed a substrate on which the electrically
conductive layer 12 is formed on one surface of the in-
sulating substrate 11 that consists of a glass substrate,
itis required to set a temperature of the substrate holder
41 so that the temperature of the insulating substrate 11
does not reach a heat resistance temperature of the in-
sulating substrate 11.

[0242] Inthe meantime, in the hydrogen radical emis-
sion step, in the case where the hydrogen radical in hy-
drogen plasma is emitted onto the top surface on one
surface of the electrically conductive substrate, the drift
layer 6 may be damaged to the plasma as a result of the
emission. However, in the hydrogen radical emission
step, the hydrogen radical generated by decomposition
utilizing the hydrogen gas catalytic body 42 is emitted
onto the top surface on one surface side of the electri-
cally conductive substrate, thereby making it possible to
prevent the damage due to the hydrogen radical emis-
sion step from being generated on the drift layer 6.
Therefore, the electron source 10 with its improved elec-
tron emission characteristics and reliability can be ob-
tained as compared with the case of emitting the hydro-
gen radical in hydrogen plasma. In the hydrogen radical
emission step, the hydrogen radical generated by ther-
mal decomposition or optical decomposition of hydro-
gen gas may be emitted onto one surface side of the
electrically conductive substrate. In this case as well,
the electron source 10 with its improved electron emis-
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sion characteristics and reliability can be obtained as
compared with the case of emitting the hydrogen radical
in hydrogen plasma.

[0243] In Embodiment 13, as an electrically conduc-
tive substrate, there is employed a substrate on which
the electrically conductive layer 12 is formed on one sur-
face of the insulating substrate 11 consisting of a glass
substrate. However, a metal substrate made of chrome
may be employed as an electrically conductive sub-
strate. Alternatively, there may be employed a semicon-
ductor substrate (such as n-type silicon substrate whose
resistivity is comparatively close to that of a conductor
or p-type silicon substrate on which n-type region is
formed as an electrically conductive layer on one sur-
face). A ceramic substrate or the like can be employed
as an insulating substrate 11 as well as glass substrate.
[0244] In Embodiment 13, gold is employed as a ma-
terial for the surface electrode 7. However, the material
for the surface electrode 7 is not limited to gold, and alu-
minum, chrome, tungsten, or platinum and the like may
be employed, for example. In addition, the surface elec-
trode 7 may be composed of at least two-layered thin
film layer deposited in the thickness direction. In the
case where the surface electrode 7 is composed of a
two-layered thin film layer, gold may be employed as an
upper thin film layer, for example, and chrome, nickel,
platinum, titanium, or indium and the like may be em-
ployed as a material for a lower thin film layer (thin film
layer on the drift layer 6 side).

[0245] In Embodiment 13, the drift layer 6 is com-
posed of the oxidized porous polycrystalline silicon lay-
er. However, the drift layer 6 may be composed of the
nitride porous polycrystalline silicon layer or oxi-nitride
porous polycrystalline silicon layer. Alternatively, this
layer may be composed of the other oxide, nitride or oxi-
nitride porous semiconductor layer. In the case where
the drift layer 6 is provided as a porous polycrystalline
silicon layer, the nitriding step may be employed instead
of the step of oxidizing the porous polycrystalline silicon
layer 4. In this case, both of the silicon oxide films 52
and 64 are provided as silicon nitride films. In the case
where the drift layer 6 is provided as the oxi-nitride po-
rous polycrystalline silicon layer, the oxidizing-nitriding
step may be employed instead of the step of oxidizing
the porous polycrystalline silicon layer 4. In this case,
both of the silicon oxide films 52 and 64 are provided as
the silicon oxi-nitride films.

[0246] In the foregoing, although the present inven-
tion has been described in connection with its specific
embodiments, it would be obvious to one skilled in the
art that a number of modifications and alternations can
occur. Therefore, the present invention is not limited to
such embodiments, and should be limited by the accom-
panying claims.

Industrial Applicability

[0247] As has been described above, a field emis-
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sion-type electron source and a manufacturing method
thereof according to the present invention are particu-
larly effective to improve electron emission efficiency
and reliability, and is suitably employed as an electron
source such as planar light source, flat display element,
or solid vacuum device.

Claims
1. Afield emission-type electron source comprising:

an electrically conductive substrate;

a strong field drift layer formed on said electri-
cally conductive substrate; and

a surface electrode formed on said strong field
drift layer, in which

said strong field drift layer has a number of sem-
iconductor nanocrystals of nano-meter order
formed partly in a semiconductor layer config-
uring said strong field drift layer, and a number
of insulating films, each of which is formed on
a surface of each of said semiconductor nanoc-
rystals and has a thickness smaller than a crys-
talline particle size of each of said semiconduc-
tor nanocrystals, wherein

a voltage is applied between said surface elec-
trode and said electrically conductive substrate
so that said surface electrode becomes higher
in potential, whereby electrons injected from
said electrically conductive substrate into said
strong field drift layer drift in said strong field
drift layer, and is emitted through said surface
electrode, said field-emission-type electron
source being characterized in that

each of said insulating films formed on each of
the surface of each of said semiconductor na-
nocrystals has such a thickness that an elec-
tron tunneling phenomenon occurs.

2. The field emission-type electron source according
to claim 1, characterized in that water content of
said insulating film formed on the surface of each
of said semiconductor nanocrystals is substantially
zero.

3. The field emission-type electron source according
to claim 1, characterized in that a compound layer
or an alloy layer composed of a semiconductor and
a metal is interposed at an interface between said
semiconductor layer configuring said strong field
drift layer and said electrically conductive substrate.

4. The field emission-type electron source according
to claim 1, characterized in that said semiconduc-
tor layer is almost crystallized at the interface be-
tween said semiconductor layer configuring said
strong field drift layer and said electrically conduc-

10

15

20

25

30

35

40

45

50

55

35

tive substrate.

5. A method of manufacturing a field emission type

electron source having:

an electrically conductive substrate;

a strong field drift layer formed on said electri-
cally conductive substrate; and

a surface electrode formed on said strong field
drift layer, in which

said strong field drift layer has a number of sem-
iconductor nanocrystals of nano-meter order
formed partly in a semiconductor layer config-
uring said strong field drift layer, and a number
of insulating films, each of which is formed on
a surface of each of said semiconductor nanoc-
rystals and has such a thickness that an elec-
tron tunneling phenomenon occurs, wherein

a voltage is applied between said surface elec-
trode and said electrically conductive substrate
so that said surface electrode becomes higher
in potential, whereby electrons injected from
said electrically conductive substrate into said
strong field drift layer drift in said strong field
drift layer and is emitted through said surface
electrode, said method being

characterized in that

each of said insulating films is formed on the
surface of each of said semiconductor nanocrystals
by means of any one of an electrochemical process,
a rapid thermal oxidization process, a rapid thermal
nitriding process, and a rapid thermal oxidization
and nitriding process, or alternatively, a combina-
tion of those processes.

The method of manufacturing the field emission-
type electron source according to claim 5, charac-
terized in that annealing processing at a tempera-
ture of 700°C or less is carried out in a vacuum, in
an inert gas, in a foaming gas, or in a nitride gas
after said insulating films have been formed on the
surfaces of said semiconductor nanocrystals.

The method of manufacturing the field emission-
type electron source according to claim 5, charac-
terized in that a heat treatment by means of a rapid
heating process at a temperature of 600°C or more
is carried out in an atmosphere containing an oxide
species or a nitride species after said insulating
firms have been formed on the surfaces of said
semiconductor nanocrystals.

The method of manufacturing the field emission-
type electron source according to claim 5, charac-
terized in that annealing processing by means of
arapid heating process at the temperature of 600°C
or more is carried out in an inert gas atmosphere
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after said insulating films have been formed on the
surfaces of said semiconductor nanocrystals.

The method of manufacturing the field emission-
type electron source according to claim 5, charac-
terized in that annealing processing is carried out
in a vacuum or in an inert gas after said semicon-
ductor nanocrystals have been formed.

The method of manufacturing the field emission-
type electron source according to claim 5, charac-
terized in that annealing processing is carried out
in a vacuum or in an inert gas after said semicon-
ductor layer has been formed on said electrically
conductive substrate.

The method of manufacturing the field emission
type electron source according to claim 5, charac-
terized in that after said insulating films have been
formed on the surfaces of said semiconductor na-
nocrystals, there are carried out one or more than
once at least two processes of:

a first processing step of carrying out at least
one of annealing processing at a temperature
of 700°C or less and annealing processing by
means of gas species capable of defect com-
pensation in a vacuum, in an inert gas or in a
foaming gas;

a second processing step of carrying out a heat
treatment by means of a rapid heating process
at a temperature of 600°C or more in an atmos-
phere containing an oxide species or a nitride
species; and

a third processing step of carrying out anneal-
ing processing by means of a rapid heating
process at a temperature of 600°C or more in
an inert gas atmosphere.

The method of manufacturing the field emission
type electron source according to claim 5, charac-
terized in that annealing processing in hydrogen,
hydrogen radical emission processing, or hydrogen
radical emission annealing processing is carried out
during at least one of a period after forming said
semiconductor layer, a period after forming said
semiconductor nanocrystals, and a period after
forming said insulating films on the surfaces of said
semiconductor nanocrystals.
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